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Abstract
Restoration of native vegetation is considered to be a vital tool to address the impacts of land clear-
ing and climate change. An emerging concept is that restoration projects can be designed to provide
multiple benefits: two of the most common being the conservation of threatened species, and carbon
sequestration to mitigate climate change. Despite this trend, research into whether these co-benefits
are mutually inclusive has been limited, particularly outside of temperate and tropical regions. In
this thesis, I explored the feasibility of carbon and conservation co-benefits in ecological restoration
by applying emerging concepts in community and functional ecology to inventory data from a large
number of existing Australian reforestation projects.
Using ecological restoration to effectively respond to global threats requires that specialised research
fields are well-connected; this ensures that new research integrates the most up-to-date findings from
related research areas. In Chapter 2, I used bibliometric methods to examine the connectivity between
four research subfields in applied ecology: conservation biology, climate change biology, invasion
biology and restoration ecology. I found that growth in restoration ecology is lagging behind the other
subfields, and identified that divergent research focuses, study scales and journal preferences may
represent barriers to connectivity between these research areas.
Carbon-diversity co-benefits in ecological restoration are based primarily on biodiversity-ecosystem
function relationships, namely the relationship between diversity and primary productivity. These re-
lationships have been most often studied in herbaceous communities; research in woody systems has
been largely restricted to tropical and temperate biomes. In addition, in natural climax forests, where
most large-scale forest studies have been conducted, diversity is a function of environmental and de-
mographic processes. In Chapter 3, I used an extensive dataset collected in reforestation plantings to
study the relationship between diversity and productivity. I found that the two community attributes
appear to be decoupled, regardless of whether diversity is expressed as species richness, or diversity
of functional traits linked to plant growth.
Restoration ecology often measures attributes of community development, including productivity,
at a stand-level, but these are comprised of the performance of individual plants. Functional ecology
has identified traits that correlate with plant growth rate, but these relationships have been studied
using thousands of species at a global scale, and only capture part of a species’ ecological strategy. In
Chapter 4, I examined whether common drivers of growth rate, including a plant’s functional traits and
competition from neighbours, affected Acacia and Eucalyptus species differently. These genera are
hyper-diverse, commonly co-occur in Australian systems, and are major components of Australian
restoration. I found that some of these drivers, including functional traits, had different effects on
growth rate between genera.
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Despite over twenty years of research into the ecology of restoration, many projects fail to achieve
their goals. I used data collected from reforestation projects in a heavily-cleared agricultural region
to examine their success in providing carbon sequestration and conservation benefits, and to identify
ecological attributes that may signal failure as these projects mature. I found that managed natural
regrowth and active restoration (tubestock plantings) were both less diverse than patches of uncleared
forest, but regrowth contained similar diversity of most plant functional groups important to conser-
vation and carbon sequestration. Plantings had low plant density, especially in small plants, which
may signal low recruitment or high mortality; this is a concern, as plantings may revert to non-woody
communities over time if trees are not being replaced. Plantings also had lower diversity of plant
functional groups with animal-dispersed seeds, nitrogen-fixing shrubs and sub-canopy trees, indicat-
ing that they may provide fewer resources and less structural complexity than uncleared vegetation,
potentially reducing their conservation value.
Overall, this thesis provides several key insights into our understanding of carbon and conservation co-
benefits in ecological restoration, and also our understanding of emerging concepts in community and
functional ecology: (1) carbon sequestration and conservation may not be complementary goals, but
they do not appear to be mutually exclusive, (2) the abiotic and evolutionary context that functional
traits are expressed in can influence plant growth, and may affect restoration success, (3) the long-
term persistence of planted restoration projects may depend on appropriate planning and management
and (4), despite the recognised importance of restoration in addressing global ecological threats, there
is unrealised potential for restoration ecology to integrate with the agendas of other research on the
ecological impacts of human activities.
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Chapter 1: General introduction
Forests and woodlands (herein ‘forests’) are important components of the global carbon cycle (Bo-
nan 2008), and provide structure and resources to support other species (Butchart et al. 2010). The
clearing of forests for human purposes, primarily for agriculture, is a global ecological threat (Fischer
& Lindenmayer 2007; Vitousek et al. 1997). Land clearing alters and degrades ecological services
and functions (Foley et al. 2005; Loreau et al. 2001), limits dispersal (e.g., Cooper & Walters 2002),
reduces population sizes and survival rates (Fischer & Lindenmayer 2007), and can ultimately result
in extinction (Chapin et al. 2000; Dirzo & Raven 2003). In addition, replacing trees and shrubs with
crops or pasture moves the system from a state of high carbon-storage into a low carbon system, which
not only reduces carbon sequestration rates, but actually emits greenhouse gases from burnt or rotting
woody biomass (Bonan 2008). This accelerates climate change, which is also linked to species ex-
tinctions, both directly (Cahill et al. 2012; Thomas et al. 2004; Wiens 2016), and by interacting with
threats from land clearing (Driscoll et al. 2012; Heller & Zavaleta 2009a; Sutherland et al. 2010). In
light of this, simply protecting the world’s remaining forest cover is insufficient. Some cleared land
must be reforested to provide sufficient protection to threatened species (Aerts & Honnay 2011; Betts
et al. 2017; Rodrigues et al. 2004), and to sequester atmospheric carbon (Chazdon 2008; House et al.
2002).
Ecological restoration, the acceleration, assistance and artificial reconstruction of natural commu-
nities, is considered an essential tool in mitigating the impacts of land clearing and climate change
(Aronson et al. 2006; Canadell & Raupach 2008; Dobson et al. 1997; Jordan et al. 1988). Restoring
natural vegetation in cleared areas is not a new concept, but despite this, a conceptual framework of
restoration, and its place within wider ecology, was only developed in the mid-1990s (Allen et al.
1997; Hobbs & Norton 1996). In the last twenty years, the field of restoration ecology has established
itself, increasing in size and scope (Young 2000), and refining our understanding of how to restore
ecosystems (Suding et al. 2015).
At a basic level, all restoration has the same goal: to create a functional, persistent community that is
resilient to future change (Society for Ecological Restoration International Science and Policy Work-
ing Group 2004; Suding 2011). Within this, restoration projects often have a range of more specific
goals (Hallett et al. 2013; Hobbs & Norton 1996; Ruiz-Jaen &Mitchell Aide 2005). These targets are
often measured as similarity to nearby intact vegetation (termed ‘reference sites’) (McDonald et al.
2016), in which similarity is defined as species composition or vegetation structure and form (Ruiz-
Benito et al. 2014). Recently, restoration ecology has begun to recognise that, due to human alteration
of natural processes, full recovery to historical conditions is not always achievable (Hobbs & Harris
2001; Hobbs et al. 2009; Hobbs 2007). Instead, current restoration guidelines emphasise setting goals
based on desired community attributes, such as particular ecosystem functions or services (Hallett et
al. 2013; McDonald et al. 2016). These include maximising the benefits of restoration to biodiversity
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conservation (Jordan et al. 1988; Young 2000), and carbon sequestration (Canadell & Raupach 2008;
Galatowitsch 2009; Silver et al. 2000).
Restoration and conservation are considered complementary fields of research (Fahrig 2001; Young
2000). Often threatened species are directly threatened by habitat loss from land clearing (Sala et al.
2000), and restoration of habitat provides positive conservation benefits (Barral et al. 2015; Dobson et
al. 1997). Despite this, the research focus of restoration ecology and conservation biology differs; this
is most apparent in the taxa and scale of research, with restoration and conservation focusing on plants
and communities, and animals and populations, respectively (Young 2000). Restoring cleared land
for animal conservation assumes, in most cases, that once the plant community contains the structural
complexity and resources that animal species require, they will arrive (the “field of dreams” assump-
tion: Hilderbrand et al. (2005)).
In principle, restoration that provides carbon sequestration should have three attributes: fast com-
munity growth rates (i.e. high productivity), maximised biomass at maturity, and stability of biomass
over time (Schulze 2006). The challenge is determining the community composition that will best
provide those functions. For example, productivity is highly desired in forestry, which has clas-
sically relied on monocultures of fast-growing species and assumes that multiple species will only
sub-divide biomass, not increase it (Kelty 1992). Community ecology theory, in particular niche and
coexistence theory (Abrams 1975; Chesson 2000; Hutchinson 1957), suggest that multi-species com-
munities should be more productive than monocultures due to increased community niche coverage
and lower intraspecific competition (Loreau 1998, 2000). This theory potentially aligns conservation
and carbon sequestration restoration goals, as increasing community diversity may meet both (Brad-
shaw et al. 2013; Crossman et al. 2011; Díaz et al. 2009; Dwyer et al. 2009). As well as a theoretical
alignment, emerging carbon markets provide an opportunity to fund restoration for conservation and
carbon sequestration (Crossman et al. 2011), with the potential for forest restoration on cleared land
to be funded through carbon credit systems (e.g., Carwardine et al. 2015; Galatowitsch 2009). Under
the schemes, landowners are recompensed for the mass of carbon successfully sequestered as plant
biomass (and in some cases, for that sequestered as debris and soil carbon).
Despite the long tradition of setting goals in restoration, defining success is a challenge (Suding 2011;
Zedler 2007). Few projects are monitored long-term (Suding 2011), and of those that are, many fail
to meet some or all of their targets (Jones & Schmitz 2009). This is a concern, because restoration
should be an outcome as well as a process; in order to continue to provide benefits, communities need
to persist in their restored state (McDonald et al. 2016). Identifying the causes of restoration fail-
ure is an area of active research. Potential reasons may be economic or social constraints on where
and how restoration is conducted (Miller & Hobbs 2007), inappropriate time-scales or expectations
(Hilderbrand et al. 2005), or a lack of knowledge about the system (Halme et al. 2013) and potential
community trajectories (Cortina et al. 2006; Suding et al. 2004). This is further complicated by the
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fact that projects can appear to be successful during early monitoring, only to fail closer to maturity
(Matthews & Spyreas 2010). For vegetation types with long-lived species, such as forests, this failure
may not be evident for decades (Vallauri et al. 2005).
It is still unclear whether we have sufficient ecological understanding to successfully restore forest
systems. There have been recent calls to increase the connection between theory and practice in
restoration ecology (Brudvig 2017; Brudvig et al. 2017), and while this connectivity is increasing
(e.g., Perring et al. 2015; Wainwright et al. 2017), there are still important questions that remain
unanswered. Some of these are general questions about the integration of community, functional and
restoration ecology, and some specifically concern how ecological restoration can mitigate two of
the most profound ecological challenges of this century: conserving biological diversity, and anthro-
pogenic climate change.
1.1 This thesis
This thesis is composed of six chapters: four of these (Chapters 2-5) are manuscripts intended for pub-
lication. This chapter is a general introduction to the topics outlined in this thesis, and Chapter 6 serves
as a holistic discussion, bringing together the results and conclusions of the intervening chapters. This
thesis has two aims: (1) to extend current understanding in restoration ecology using a community
ecology perspective, focusing specifically on the ability to design restoration projects for carbon and
conservation benefits, and (2) to highlight the value that ecological restoration projects can have for
fundamental ecological research. Chapters 2-5 each have their own specific hypotheses, but over the
course of this thesis I aim to answer the following questions:
(1) are carbon sequestration and conservation mutually achievable goals in ecological restoration?
(2) can studying existing ecological restoration projects advance current ecological thinking?
(3) where are the research gaps that remain to be filled, and how integral are they to the design of
future restoration?
The strength of this thesis is the application of existing research from three fields of ecology: restora-
tion ecology, functional ecology and community ecology. I examined emerging concepts in commu-
nity ecology, including how the functional composition of communities and neighbourhoods affects
the functioning of both ecosystems and individuals. My thesis advances our understanding of how
communities of woody plants function generally, but especially in a restoration context. I also illus-
trate the value of using existing restoration projects to study fundamental ecological questions.
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Connectivity in applied ecology
In order to draw informed conclusions about the co-benefits of carbon and conservation in restora-
tion, we need to ensure that restoration ecology, the research into effective restoration, incorporates
the most current consensuses in related research subfields: potential subfields include climate change
biology, conservation biology and invasion biology. Restoration ecology often prioritises conserva-
tion goals (Chazdon 2008), and is impacted by both climate change (Harris et al. 2006) and invasive
species (Funk et al. 2008). In turn, each of these subfields benefit from integration with restoration
ecology, as restored communities can offer conservation benefits and resilience to invasion, as well
as sequester and store atmospheric carbon (Chazdon 2008; Funk et al. 2008; Harris et al. 2006). In
Chapter 2, I used the population of ecology literature published since 1990 to understand the trajec-
tories of growth and connectivity between these subfields, as well as potential barriers that may limit
inter-subfield communication. Results that concern restoration ecology and climate change and con-
servation biology are of direct importance to my thesis, as carbon sequestration and diversity goals
in restoration reflect priorities for climate change mitigation and conservation outcomes respectively.
In addition to this, by taking a broad view of inter-subfield connectivity, this work can inform many
areas of applied ecology, and potentially provide directions for future integrated research.
Biodiversity-ecosystem function in Australian reforestation
The theoretical underpinnings of carbon-diversity co-benefits are biodiversity-ecosystem function
(BEF) research (Díaz et al. 2009). Seminal papers in this field find consistent positive effects of
increased diversity on metrics of ecosystem function, including primary productivity (e.g., Duffy et
al. 2017; Liang et al. 2016). These studies, particularly research in forest and woodland systems,
are notably biased towards the Northern Hemisphere and temperate climates (Clarke et al. 2017). It
is currently unclear whether the results of these studies apply to other systems, particularly systems
which contain different abiotic pressures and species with different life histories and stress tolerences.
In Chapter 3, I extended our understanding of BEF relationships, examining the shape of the relation-
ship between diversity and productivity in reforested Australian communities across a large moisture
availability and productivity gradient. The results of this chapter are important for considering restora-
tion design for carbon and conservation benefits in Australian woodland systems.
Growth rate of two ubiquitous Australian plant genera
Productivity is often considered at a community, stand or even landscape scale (e.g., Cardinale et
al. 2007; Vila et al. 2013), but is comprised of individual plants growing and competing for limited
resources. This competition between individuals may be the reason many restoration projects fail to
achieve growth or cover targets. Growth rate is at least partly determined by resource use and stress
tolerance strategies, which is why functional traits are useful, as they allow us to make comparisons
between very different species on ecologically-relevant axes (McGill et al. 2006; Violle et al. 2007).
Global growth-trait relationships have been identified (e.g., Chave et al. 2009; Wright et al. 2004c),
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but they are often poorly informed in mature trees, and rely on broad, global relationships across
many thousands of species (e.g., Gibert et al. 2016). In addition, plant growth rate is determined by
a complex of interacting and evolutionarily-conserved processes and pathways (Harper 1977), only
some of which are captured by common functional traits. In Chapter 4, I looked at two ubiquitous
and commonly co-occurring genera, which are core components of Australian forest restoration, and
asked whether each genus’ growth rate correlated differently with climate, species-level functional
traits and the density and diversity of neighbouring plants.
Maturity and persistence of Australian reforestation
Primary productivity is only part of carbon sequestration. To make a difference to the world’s carbon
budget, sequestered carbon needs to remain stored as woody biomass over meaningful time-scales
(Dixon et al. 1994). There is evidence that managed forests, particularly simplified systems such as
artificially planted or seeded communities, may be prone to collapse into alternate, low carbon states
(Lindenmayer et al. 2016; Suding et al. 2004). This represents not only a poor outcome for carbon
sequestration, but ecosystem collapse will destroy many of the conservation benefits that restored
forest communities provide. In Chapter 5, I compared the progress of existing revegetation projects
and naturally regrowing forest to existing remnant vegetation in a heavily-cleared Australian agricul-
tural landscape. I used community attributes linked to restoration success and ecosystem function
(community biomass, plant density and functional diversity) to identify risks for potential failure and
persistence of the restored community over time.
1.2 Data used in this thesis
1.2.1 Forest inventory data
The forest inventory data used in Chapters 3, 4 and 5 were collated by CSIRO, and collected by
CSIRO alongside Australian state government departments and not-for-profit organisations between
2009 and 2012 (Table 1.1). In total, 2,353 sample plots were established in 708 forest stands across
Australia (Fig. 1.1). The most prevalent vegetation type were reforestation plantings established on
ex-agricultural land using a diverse mix of native trees and shrubs (1,666 plots in 490 stands). In
addition to these plantings, 141 sample plots were established in 45 stands of naturally occurring
forest regrowth, and 507 stands in 150 areas of remnant vegetation. Thirty-nine plots in 13 stands did
not specify forest type, and were excluded from all thesis chapters.
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Table 1.1: Organisation contribution to forest inventory dataset used in this thesis, quantified as the number of
forest stands sampled (“stand count”), the number of total sample quadrats (“plot count”) and the number of
trees and shrubs sampled (“plant count”). Organisations are ordered alphabetically.
Organisation
Stand
count
Plot
count
Plant
count
CSIRO 194 713 48,687
Greenfleet 18 104 1,385
Greening Australia 423 1,352 73,370
Queensland Department of Agriculture and Fisheries 28 46 2,760
South Australian Department for Environment and Water 23 38 1,871
Western Australian Department of Biodiversity,
Conservation and Attractions
22 100 2,644
Within each sample plot, the collecting organisation measured the diameter of all woody plants, either
at breast height (70.7%) or at 10 or 50 cm above the base of the plant (29.3%). These diameter mea-
sures were used in a range of species- and growth-form-specific allometric equations to estimate plant
biomass (see Paul et al. (2013a) for details of allometric equations and data validation). Plants were
also identified, primarily to species (455 species, 81.1% of plants sampled) or genus (58 genera, 9.4%
of plants sampled). The remainder were dead at the time of sampling, or were identified as unknown.
Chapter 3,4 and 5 use subsets of this dataset. Some sample plots were included in all three chap-
ters, and many were not included at all. Chapter 3 used sample plots in reforestation plantings across
the range of the dataset, but only includes plots that contained at least 30 living plants at the time of
sampling. Chapter 4 also used reforestation plantings, but included only sample plots that were 400
m2 or smaller, to represent interaction ’neighbourhoods’. Finally, Chapter 5 included all plots, includ-
ing reforestation plantings, natural regrowth and remnant vegetation, in the South-east Queensland
region.
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Figure 1.1: Map of sampling locations included in forest inventory dataset across Australia, with point size
scaled to the number of sample plots.
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1.2.2 Functional trait data
Species mean functional trait data for the species surveyed were primarily obtained from the TRY
Plant Trait Database (Kattge et al. 2011), along with collection from literary sources, state herbarium
records, and supplementary field collection for four functional traits: species leaf area, wood density,
seed mass, andmaximum achievable height (Table 1.2). I conducted gap-filling field collection of trait
values for species with no available trait data (129 species for specific leaf area, and 136 for wood
density). I collected samples in natural reserves where possible, in order to limit the influence of an-
thropogenic conditions on observed trait values. Samples were collected as per Perez-Harguindeguy
et al. (2013), with five samples from five individuals for specific leaf area, and one sample from five
individuals for wood density.
Subsets of these trait data were used in Chapters 3, 4 and 5, based on the species present in the subsets
of forest inventory data used in each chapter. The specific TRY databases used in each chapter are
cited in each Methods section.
Table 1.2: Summary of functional trait data, categorised by trait. Proportion of species and proportion of plants
sampled refers to the forest inventory dataset, and excludes identifications to genus, as well as dead and unknown
plants.
Trait
Number of
species
Proportion
of species
Proportion
of plants
sampled
Specific leaf area 333 73.2% 96.8%
Wood density 350 76.9% 91.5%
Seed mass 439 96.5% 99.7%
Maximum achievable height 444 97.6% 99.7%
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Chapter 2: Growth of applied ecology is strong butmajor subfields
remain poorly connected
2.1 Introduction
Human impacts on the natural world do not operate in isolation (Butchart et al. 2010). Climate change,
land clearing and invasive species interact and feedback, resulting in the loss of species and ecosystem
functions (Heller & Zavaleta 2009a; Pereira et al. 2010). Managing natural systems in the face of these
threats will require us to understand and account for this complexity (Driscoll & Lindenmayer 2012;
Pereira et al. 2010). The first step in this process is for ecologists to consider all relevant drivers of
ecological change in their research, and use interdisciplinary understanding of those drivers to derive
their conclusions (Butchart et al. 2010; Cavanagh et al. 2017).
Scientific output in all fields of research, including applied fields of ecology, is growing exponen-
tially (Larsen & von Ins 2009). Over the last 30 years, applied ecology has formed several branches,
each of which has developed a specialised literature of its own. Some of these branches are recognised
and referred to as discrete subfields, are climate change biology (Bellard et al. 2012; Peterson et al.
2010), conservation biology (Griffiths & Santos 2012; Soulé 1985), invasive species biology (Lock-
wood et al. 2013; Vermeij 1996) and restoration ecology (Hobbs & Harris 2001; Young et al. 2005).
While other research subfields exist within applied ecology, these four are commonly referenced, fo-
cus on major components of ecological management, and are not system- or taxa-specific.
Despite their discreteness, there are strong theoretical links among these four subfields, and effec-
tive management plans and actions should consider them in concert (Driscoll et al. 2012). Whether
these theoretical links translate into integrative research practices is still not well understood. Infor-
mation technology has increased our ability to search for appropriate cross-disciplinary research (Van
Alstyne & Brynjolfsson 2005), but there is evidence that, over time, scientists’ reading and citing
habits have become narrower, rather than wider (Evans 2008). This has been attributed to the way
in which online indexing services offer highly specific results to targeted search terms, which, while
increasing efficiency, may limit the scope of research that scientists encounter (Evans 2008).
What we know already from literature reviews is that connectivity between the four major subfields
of applied ecology is far from universal. Lawler et al. (2006) and Fazey et al. (2005) identified strong
links between conservation and climate change biology, but not with invasion biology. In a similar
vein, Felton et al. (2009) found that climate change biology fails to consider other threats to species
and ecosystems half of the time. Young (2000) found that restoration ecology and conservation bi-
ology had divergent research focuses; restoration ecology predominantly studied plant communities
and conservation biology studied animal populations. Finally, Wainwright et al. (2017) found that
restoration experiments had strong system and taxa biases towards grasslands and terrestrial plants.
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These past reviews have presented an incomplete understanding of connectivity in applied ecology
subfields, as they were limited in their sample sizes (mostly fewer than one thousand papers) and the
generality of questions they were able to address. Bibliometrics offer a complementary way to exam-
ine this problem, allowing us to study the entire population of scientific publications in the mainstream
literature (Borgman & Furner 2002; Hood & Wilson 2001). Using these data, we can model the cur-
rent and historical trajectories of publication in these subfields, including their sizes and growth rates.
In addition, by treating citations as a unit of connectivity and information sharing between two pub-
lications, we can study patterns of connectivity within and between subfields at a range of scales,
including the rates at which papers are cited and the words used by the papers most-cited by different
subfields. While citations do not capture all engagement with a publication (e.g., policy use), they are
permanent, directional and easily-quantified, which makes them a useful measure of connectivity.
In this study, we aggregated publication data on 284,494 ecology papers published between 1990
and 2017 connected by c. 3.15 million citations. Using a subset of 40,505 papers identified as climate
change biology, conservation biology, invasion biology or restoration ecology, we aimed to answer
the following questions:
(1) what are the overall publication and citation trends in four subfields of applied ecology over our
study period?,
(2) what is the current and historical level of interconnectivity among these subfields, estimated using
citation rates?, and
(3) are there publication, citation or word use patterns that highlight potential barriers to future con-
nectivity between these subfields?
2.2 Methods
2.2.1 Downloading and processing publication and citation data
We obtained paper and cited reference data fromWeb of Science on 20th April 2018 (Clarivate Analyt-
ics 2018). We initially downloaded data from all papers published between 1980 to 2017 (inclusive),
from any journal in the ‘Ecology’ WoS subject category. We included only common journal pub-
lication types (“Article”, “Review”, “Letter”, “Note”, and “Editorial Material”), and excluded book
chapters, conference proceedings and papers with no author information. Publication names were
modernised where they had changed. All subsequent analyses were performed on papers published
on or after 1990, which totaled 284,494 papers. Publication data were downloaded in plain text for-
mat, and imported, processed and analysed in R (R Core Team 2017).
We used the “CR” (cited references) field of each paper to create two unique citation identifiers.
The first identifier was DOI number (where available). The second was a string identifier composed
of year of publication, journal name abbreviation, volume number and starting page number. Lead
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author names were not used to match papers as the treatment of initials and multiple last names var-
ied. We matched these identifiers to ones created from each paper in the data set, resulting in a match
between the paper being cited, and the paper citing (matches function, grr package (Varrichio 2016)).
We matched DOI numbers first, and only used the string identifier to locate citations for papers lack-
ing DOI numbers. Overall, we matched 3,156,524 citations to the cited and citing paper, representing
21.46% of total citations made by papers in the dataset: unmatched citations were a combination of
papers published prior to 1990, papers in non-ecology journals, and non-journal citations (e.g., book
chapters, data sources, software packages).
2.2.2 Identifying papers in applied subfields
In this dataset, we identified papers from our four target subfields by searching for the name of the sub-
field (stemmed to identify similar terms) in the title and key words of each paper. We identified 8,565
climate change biology papers (“climate change”), 16,771 conservation biology papers (“conserv”),
11,820 invasion biology papers (“invas”) and 6,130 restoration ecology papers (“restor”). Some of
these papers were identified as part of multiple subfields, for a total of 40,505 unique papers. 2,673
papers were members of multiple subfields (2,569 in two subfields, 100 in three subfields and four
papers were members of all four subfields). These papers were retained and considered to be part of
all relevant subfields for analyses.
2.2.3 Publication and citation rates
Using these groups of subfield-associated papers, we examined two general trends over our study
period (1990 to 2017): growth of new publications and growth of new citations. We modelled these
trends for papers from all four subfields combined into a single group (‘applied ecology’ models),
and for each subfield separately (‘subfield’ models). For publications, we expressed the count of
new papers published in a given year as a proportion of the total number of ecology papers published
that year (‘proportional publications’). We calculated citation growth as the count of citations made
to a subfield by papers published in a given year, divided by the total number of citations made by
all papers published that year in our dataset. Converting these publication and citation counts into
proportions of ecology overall corrected for growth over time in ecological publications; this meant
that non-zero relationships in our models translated to a change in the group’s share of new ecology
publications or citations.
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For the two applied ecology models, our response variables were relative publication rate and relative
citation rate, with one value for each year (n = 28). Our response variables for the two subfield models
were the same, but with one value each year for each subfield (n = 112). As these response variables
were all proportions (bound between zero and one), we fit trends using generalised additive models
(GAMs: gam, mgvc package (Wood 2011)) with beta errors and logit link functions. All models
contained year as a continuous predictor, fit as a cubic-regression spline with up to four knots. In the
two subfield models, we also fit subfield as a factor, and fit separate splines for each subfield.
2.2.4 Citation rates between subfields
To examine citation rates between subfields, we ran two GAMs as a hurdle model, first modelling the
probability a paper from one subfield cites another (‘citation probability model’), and then modelling
the proportion of citations papers from one subfield made to another (‘citation rate model’).
The first model estimated the probability that a paper from a subfield (the ‘citing’ subfield) cited
a paper from another subfield (the ‘target’ subfield). The response variable for this model was binary;
ones represented papers from a citing subfield that cited at least one paper from a target subfield, and
zeros those that did not. This was repeated for all papers in each pairwise combination of subfields,
including where the citing and target subfield were the same (estimating the probability of an intra-
subfield citation). Our modelled response variable was the summed successes and failures of papers
published in each year for each combination of citing and target subfield (n = 448 (28 years x 16 sub-
field combinations)). As such, we used a GAMwith binomial errors and logit link function to estimate
mean probability of citation. We had two fixed effects for this model: year of publication (numeric),
and a factor representing the combination of citing and target subfields. Separate splines were fit for
each pairwise subfield combination (n = 16)).
For the citation rate model, we excluded all papers with zero citations in the first model. For each
pairwise combination of subfields, we expressed citation rate for each paper in a citing subfield as the
count of citations made to a target subfield divided by the total number of citations the paper made.
This corrected our citation counts for papers with differing numbers of citations. These citation pro-
portions were ln-transformed and used as a response variable in a GAM with Gaussian errors (n =
70,043). While this error family is technically inappropriate for proportion data (bound between zero
and one), using a beta distribution for these models resulted in a poor fit and violation of the assump-
tion of normality. The fixed effects for this model were the same as those used in the binomial model
above.
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2.2.5 Word citation rates
For this analysis, we counted word-level citations between each pairwise combination of subfields
(including where the citing and target subfields were the same) for the words in the titles and key-
words papers published in 2007 and 2017 (the last 10 years in our study period).
First, we calculated the number of times each word used in papers from the target subfield were
cited by papers in the citing subfield (‘word citation counts’). We then simplified these word cita-
tion counts by excluding the following words: words used in less than 2.5% of the target subfield’s
papers; common stop words (e.g., “and”, “a”, “it”: stop_words function, tidytext package (Silge &
Robinson 2016)); and the key term used to identify the subfield. We also stemmed words to combine
similar words (e.g., “modelling” and “modelled” were stemmed and combined into “model”: word-
Stem function, SnowballC package (Bouchet-Valat 2014)).
Because some words are inherently more common in ecological papers (e.g., “species”, “model”),
we weighted the resulting word citation counts by word abundance (i.e. the number of times the word
was used across the titles and keywords of the target subfield’s papers). These weighted citation counts
represented how often the word was cited by a citing subfield relative to how often it was used in the
papers of the target subfield: for example, a weighted citation rate of two indicates the word was cited
twice as often as it was used.
For each subfield, we compared the internal word citation rate to the external word citation rate of
each other subfield visually, and by calculating Pearson’s correlation coefficients (r). Visually, we
highlighted the ten words with the greatest internal citation rate, and the ten words with the greatest
external rate, identifying where the same word was present in both lists. To increase visual clarity, we
displayed stemmed words in Figure 2.3 using their most common extension.
We calculated correlation coefficients for each combination of internal and external weighted word
citation rates for each target subfield. Diagonals (where citing and target subfields are the same) had
values of one, but off-diagonals were not symmetric, as they used a different target subfield’s papers
as a basis (e.g., conservation vs climate change compares word citation rates of words used in climate
change papers, while climate change vs conservation used words in conservation papers). Positive r
values indicated that the citing subfield most often cited the same sorts of words as the target subfield,
while zero or negative r values indicated that the citing and target subfields cited different words.
2.2.6 Subfield-journal ordination
We fit our non-metric multidimensional scaling (nMDS) (k = 2) of subfield abundance in different
journals using the metaMDS function of the vegan package (Oksanen et al. 2016), treating subfields
as species and journals as sites, and estimating dissimilarities using Jaccard index. We excluded all
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journals that did not publish at least one paper from one subfield from this analysis. Rather than using
raw count of subfield papers, we proportionalised our journal-subfield matrix based on the total count
of the journal’s papers in our dataset. This corrected subfield counts for unequal sampling in some
journals (where the number of papers was vastly different). Our nMDS resulted in a fair to good fit,
with a stress of 0.155.
We showed the weighted averages for each subfield as loading vectors on the nMDS plot. We also fit
an isotropic surface of journal impact factors (ordisurf function, vegan package (Oksanen et al. 2016))
to determine whether subfields were positioned towards higher or lower impact factor spaces on the
nMDS.
2.3 Results
2.3.1 Publication and citation rates
Summed together, new publications in the four studied subfields of applied ecology increased from
1.8% of new ecology publications in 1990 to 22.9% in 2017 (Fig. 2.1a), and new citations increased
from 1.2% of ecology papers in 1990 to 22.9% in 2017 (Fig. 2.1b).
When subfields were modelled separately, trends over the study period diverged substantially (Fig.
2.1c, d). Conservation biology had the greatest increase in publication and citation rate during the
1990s, and though growth slowed after 2000, it was still the largest and most cited subfield in 2017
(Fig. 2.1c,d). In contrast, the growth in climate change biology’s publication and citation proportion
was slow during the 1990s, and increased exponentially from 2000 (Fig. 2.1c, d). Invasion biology
showed rapid increases in publication and citation rates in the mid-2000s, but plateaued and began to
decline by 2012 (Fig. 2.1c, d). Restoration ecology showed some growth in publications and citations
across the study period, but by 2017, published one third as many papers and received a third as many
citations as the other subfields (Fig. 2.1c, d).
2.3.2 Citation rates between subfields
All subfields showed similar trends in intra-subfield probability of citation; 1990 probabilities were
between 0.2 and 0.4, and rose rapidly to > 0.8 by the late 2000s (Fig. 2.2a-d). Excluding inter-
nal citations, all other subfields were most likely to cite conservation biology papers (Fig. 2.2a,c,d).
Restoration ecology papers were the least likely to be cited by other subfields, and despite growth,
had trajectories that flattened over time (Fig. 2.2a-d). The probability of citing a climate change biol-
ogy paper began to increase rapidly in all other subfields after 2005, reflecting the observed trends in
publication and overall citation rates in this subfield (Fig. 2.1c,d; Fig. 2.2a-d).
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Figure 2.1: Trends in new publications and citations received for four subfields of applied ecology summed (a,
b) and individually (c, d) (climate change (“Cl”, red), conservation (“Co”, green), invasion (“I”, yellow) and
restoration (“R”, blue)) between 1990 and 2017. Yearly publication and citation totals were proportionalised by
the total number of new papers or new citations in ecology each year. Splines were estimated using generalised
additive models (see Table S2.1-4 for model summaries). Shaded regions behind splines are 95% confidence
intervals. Note that y-axis scale differs between (a-b) and (c-d).
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Figure 2.2: Citation patterns between four subfields of applied ecology (climate change (“Cl”, red), conservation
(“Co”, green), invasion (“I”, yellow) and restoration (“R”, blue)), between 1990 and 2017. (a-d) Trends in the
probability a paper in each subfield cites at least one paper from each subfield, estimated from a binomial
generalised additive model (GAM) (Table S2.5). (e-h) Trends in the mean proportion of citations that papers
from each subfield (excluding zeros) made to each subfield, estimated using a beta GAM (Table S2.6). Splines
in (e-h) were modelled using citation proportions of individual papers; raw data points are not shown to increase
visual clarity. Note that y-axis scale differs between (a-d) and (e-h).
When considering the citation proportions of papers that cited subfield papers, the shapes of trends
over time between subfields were quite similar, with the exception of invasion biology (Fig. 2.2e-h).
Papers in the other three subfields made c. 6-7% of their citations to other papers in the same subfield,
and 2-3% to papers from other subfields. In invasion biology, the proportion of citations made to other
invasion biology papers had increased to c. 17% by 2010 (Fig. 2.2g).
2.3.3 Comparison of word citation rates between subfields
Within a subfield, the most cited words were cited five to ten times as often as they were used (Fig.
2.3a, f, k, p). Climate change biology cited papers concerning large-scale patterns, especially species
distributions, range shifts and migrations (Fig. 2.3a-d). Conservation biology showed a strong pref-
erence towards papers studying bird species and conservation planning, including reserve selection,
conservation priorities and threat assessments (Fig. 2.3e-h). Invasion biology cited large and small-
scale impacts of invasive species, particularly those studying species extinctions, biological control,
rapid evolution and propagule pressure (Fig. 2.3i-k). Restoration ecology was strongly vegetation-
focused, especially in grasslands and ex-agricultural land, and on early community development (e.g.,
succession, seeds and dispersal limitation) (Fig. 2.3m-p).
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We found high correlation between the words cited by conservation and climate change biology, and
invasion and climate change biology (Table 2.1; Fig. 2.3b, c, e, i). Correlation coefficients between
invasion and conservation biology were also positive, but stronger for the words invasion biology cited
in conservation papers than the reverse (Table 2.1: Fig. 2.3g, j). Restoration ecology had weaker and
sometimes near-zero correlations with all other subfields; strongest correlations were both ways with
conservation biology, and in restoration ecology’s citation of invasion biology words (Table 2.1; Fig.
2.3d, h, l, m-p).
2.3.4 Subfield publication habits
Subfield loadings in the nMDSwere near-orthogonal, indicating that journals predominantly contained
papers from a single subfield (Fig. 2.4). Journals that identified with particular subfields were strongly
aligned with their subfield’s loading vector (Fig. 2.4: Table 2.2). High impact journals were located
near to the center of nMDS space, although the impact factor surface peaked towards climate change
biology (Fig. 2.4).
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Figure 2.3: Comparison of weighted word citation rates between citing subfields (rows) and target subfields
(columns). In each panel, points represent words used in at least 2.5% of the target subfield’s papers, excluding
common stop words and the key terms used to identify the subfield. The rate that the citing subfield cited each
word (y-axis position) and the rate that the target subfield cited each word (x-axis position) were relativised by
how often the word was used in the target subfield’s papers. The ten words with the greatest weighted citation
rates have been labeled: plot colour corresponds to associated subfield, and words labeled in both subfields
are dual-coloured. Note that both axes are log-transformed, and have different scales. Pearson’s correlation
coefficients were calculated for each panel using non-log-transformed word citation rates (Table 2.1).
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Figure 2.4: Non-metric multidimensional scaling (nMDS) of abundance of four subfields of applied ecology
(‘species’: climate change (“Cl”, red), conservation (“Co”, green), invasion (“I”, yellow) and restoration (“R”,
blue)) in journals (‘sites’). Distances between journals estimated using Jaccard index, with nMDS stress =
0.155. Journals are represented with points, with point size scaled to the total count of papers from all subfields.
Papers with substantial subfield representation are labeled using codes: full journal names and codes are shown
in Table 2.2. Subfields are represented as loading vectors. Contours are estimated impact factors from an
isotropic surface, using the 2016 Thompson Reuters InCites Journal Citation Reports.
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Table 2.1: Pearson’s correlation coefficients of theweightedword citation rates (the number of times papers from
the citing subfield citedwords in the title and keywords of the target subfield, divided by eachword’s total usage).
Correlations were calculated between the citing subfield’s word citation rate and the target subfield’s word
citation rate, using citations to words in papers in the target subfield, for all combinations of citing and target
subfields. Because the target subfield differs across pairwise comparisons (e.g., climate change vs conservation
and conservation vs climate change), the matrix is assymmetric. Matrix positions correspond with panels in
Figure 2.3, although these correlation coefficients were calculated on raw word citation rates, and Figure 2.3
displays ln-transformed rates for increased visual clarity.
Target subfield
Climate
change
Conservation Invasion Restoration
Citing
subfield
Climate change 1.00 0.69 0.62 0.13
Conservation 0.65 1.00 0.31 0.32
Invasion 0.53 0.49 1.00 0.09
Restoration -0.03 0.32 0.29 1.00
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Table 2.2: Journals where subfield papers comprised at least 30% of the total number of papers that were
published between 1990 and 2017 and indexed by Web of Science (‘n’). Total counts of all included journals
are available in Table S2.8. Abbreviations are used in Figure 2.4 to indicate journal position on the non-metric
multidimensional scaling.
Journal name
Ab-
brev
n Proportion of papers identified as part of subfield
Conservation
Climate
change
Invasion Restoration
Animal Conservation AC 1055 0.313 0.021 0.05 0.022
Applied Vegetation
Science
AVS 837 0.121 0.03 0.093 0.276
Aquatic Invasions AQI 415 0.019 0.014 0.677 0.005
Biodiversity and
Conservation
B&C 3745 0.406 0.028 0.04 0.033
Biological Conservation BC 6745 0.393 0.032 0.051 0.051
Biological Invasions BI 2574 0.028 0.024 0.819 0.019
Conservation Biology CB 4120 0.344 0.029 0.043 0.026
Diversity and
Distributions
DD 1430 0.262 0.099 0.325 0.011
Ecological Management
& Restoration
EMR 91 0.121 0.022 0.066 0.363
Global Change Biology GCB 4354 0.023 0.358 0.025 0.004
Journal for Nature
Conservation
JNC 510 0.547 0.025 0.055 0.069
Natural Areas Journal NAJ 934 0.168 0.021 0.127 0.107
Oryx OR 1192 0.435 0.014 0.029 0.013
Restoration Ecology RE 1728 0.049 0.013 0.085 0.752
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2.4 Discussion
Since 1990, peer-reviewed research in four major subfields of applied ecology has grown and devel-
oped strong interconnectivity. This is especially true of climate change biology, which appears to be
experiencing a dramatic increase in both overall growth and citation in other subfields. Despite this,
there are still asymmetries in growth and representation, particularly in restoration ecology. In addi-
tion, while inter-subfield citation probabilities were high, the proportion of citations subfield papers
made to other subfields was remained consistently low across all subfields. Our results also highlight
three potential barriers to the development of further connectivity between subfields: scale, taxa and
system biases, segregated publishing habits, and a focus on subfield-specific processes and outcomes
rather than similarities in underlying ecological theory.
2.4.1 Subfield growth
Between 1990 and 2017, the four applied ecology subfields increased by an order of magnitude in
their summed share of ecology publications and citations (Fig. 2.1a,b). The rapid expansion of applied
ecology research reflects the increased importance of real-world applications in ecological research,
andmirrors an increase in the public visibility of ecology and its importance for tackling environmental
issues, particularly climate change and species conservation (Novacek 2008). Despite suggestions
that restoration ecology offers valuable opportunities to reduce the impacts of environmental change
(Perring et al. 2015), our results suggest that research in this subfield has not grown at the pace of
other subfields. Finally, invasion biology was the only subfield to show a decline in proportional
publication and citation rates over the study period (Fig. 2.1c, d), which coincides with the rise of
alternate terminology (e.g., “novel ecosystems”), and a debate on the direction and validity of the
subfield (Blondel et al. 2014; Russell & Blackburn 2017).
2.4.2 Connectivity between subfields
The probability of an intra-subfield citation was greater than 0.8 in 2017 for all subfields (Fig. 2.2a-d).
This suggests that our arbitrary subfields reflected discrete groups of research, where citations within
each group were far more likely than citations between groups. Despite this, the probability of citing a
paper from other subfields increased over time in all cases, evidence that researchers are aware of the
importance of other subfields in their own research, and are integrating papers from other subfields
at ever-increasing rates. The mean proportion of cross-subfield papers being cited, however, rarely
exceeded 5%, and 33.8% of papers that cited another subfield cited a single paper. Many of these ci-
tations may have been made as part of passing statements (e.g., early in the introduction or in the final
discussion paragraphs), rather than forming intrinsic components of the paper, but identifying the lo-
cation of citations within papers is beyond the scope of our study given the number of papers involved.
Our results suggest that despite growing connectivity between our four target subfields, there is still
potential for further development, especially as all inter-subfield citation proportions (Fig. 2.2e-h), and
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some pairwise word citation correlations (Table 2.1: Fig. 2.3), were low. We suggest three potential
barriers to future connectivity between these subfields: (1) pervasive differences in study scale, taxa
and systems, (2) divergent publication practices, and (3) connectivity based on overlap in common
applications rather than similarities in fundamental ecological concepts.
2.4.3 Barriers to future connectivity
Previous literature reviews have identified biases in study taxa and system in some subfields (Lawler
et al. 2006; Young 2000). Our results accord with and extend these findings to all four studied sub-
fields. We found that climate change and conservation biology, in particular, cited words that reflect
larger-scale concepts; in contrast, invasion biology and restoration ecology most often cited words
associated with community or species scales (Fig. 2.3). Large-scale results are often (or may be per-
ceived to be) more applicable and citable by smaller-scale research studies than the reverse. We found
some evidence of this pattern: for example, in 2017 restoration ecology was twice as likely to cite a
climate change biology or conservation biology paper as the reverse (Fig. 2.2a,d). Each subfield, of
course, includes studies spanning a range of scales and taxa (e.g., local-scale experiments in climate
change biology (Jentsch et al. 2007)), but our results suggest that the predominant study scale differed
between subfields, which may make it harder for applied ecologists to identify relevant cross-subfield
research, especially given that subfields tended to published in different journals.
Specialised journals for each subfield were strongly loaded onto our journal ordination (Fig. 2.4),
and, unsurprisingly, predominantly published papers only from that subfield (Table 2.2). In addition,
higher impact journals tended to publish slightly more climate change biology papers (Fig. 2.4). This
pattern, combined with the decreasing breadth of papers that scientists read (Evans 2008; Renear and
Palmer 2009) may lead to researchers predominantly citing papers within their research specialisa-
tion, or papers that are especially visible (e.g., papers already highly cited, or those published in high
impact journals), which would likely lead to many relevant cross-subfield papers being overlooked.
The results of our comparison of word citation rates suggests that the most cited words relate more
to applications than underlying ecological theory. While there are some exceptions (“succession” and
“niche”, for example), the fundamental ecological processes that link these subfields are not well-
cited. A lexical scan of the titles and keywords of subfield papers for common terms associated with
ecological theories found consistently low usage rates (Table S2.7). Many terms had usage rates close
to zero, and even the most common terms were only used in 1-3% of papers. While ecological theory
can be difficult to incorporate into applied studies (Driscoll & Lindenmayer 2012), our results suggests
there is unrealised potential for many theoretical concepts to be explored in broader applied contexts.
In addition, theoretical frameworks developed in one subfield may be applicable to research in others,
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but this overlap is not necessarily recognised. As an example, Caplat et al. (2013) identified how inva-
sive species frameworks might be applied to climate change-induced range shifts. We only identified
five climate change biology papers that have cited this paper, despite climate change biology papers
as a whole commonly citing intra-subfield papers containing “range” and “shifts”, and citing invasion
biology papers containing “range” (Fig. 2.3a, c). This suggests some theories and frameworks are
being developed in parallel between subfields, not in concert.
We recognise that previous efforts have been made to bring these subfields together conceptually (e.g.,
Hampe & Petit 2005; Harris et al. 2006), and there are many examples of excellent applied research
that accounts for multiple ecological threats (e.g., Ackerly et al. 2010). Our results serve to provide
a unique perspective on the trajectory of interconnectivity within applied ecology, and highlight bar-
riers that may make this connectivity less common than it might otherwise be, or perhaps should be.
We hope that this broad view will help applied ecologists eventually overcome these barriers, and
increase future research connectivity. This will not only improve how we manage natural systems,
but also increase our understanding of them.
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Chapter 3: Species and functional diversity do not predict produc-
tivity in diverse forest plantings
3.1 Introduction
Human-induced global change has led to losses and changes in biological diversity (Dirzo & Raven
2003), which are in turn linked to reductions in important ecosystem functions and services (Cardinale
et al. 2012; Hooper et al. 2005). Current research suggests that the number of species in a community
affects ecosystem functioning (Cardinale et al. 2012; Duffy et al. 2017). These biodiversity-ecosystem
function (BEF) relationships have been studied for a number of functions and in a number of systems.
One of the best studied ecosystem functions is primary productivity. Primary productivity is not only
an important ecosystem function in its own right, but it also underpins the speed at which regrowing
forests acquire carbon and provide conservation benefits. These features are central to the develop-
ment and success of carbon-diversity co-benefits in reforestation projects.
After extensive research, the current consensus is that system productivity increases with the diver-
sity of primary producers (Cardinale et al. 2012). This positive effect, which is detectable even after
accounting for environmental effects on productivity, is most commonly observed in grassland exper-
iments (Brose & Hillebrand 2016; Grace et al. 2016; Tilman et al. 2001), though it has been observed
in woody systems too (Liang et al. 2016; Zhang et al. 2012). That being said, the strength of the
relationship appears to be variable across ecosystem types, climates and species (Lasky et al. 2014;
Vila et al. 2013).
Biodiversity-productivity relationships in woody communities are poorly understood relative to herba-
ceous systems. This is in no small part because of the difficulty in establishing the same rigorous
experiments in forests as in grasslands (Mori et al. 2017). Multiple studies have assessed BEF rela-
tionships in forests, but limitations of these approaches leave key gaps in our understanding of the
BEF relationship in forests (Mori et al. 2017). In grassland experiments, diversity treatments consist
of random subsets of species tracked for multiple generations (e.g., Tilman et al. 2001). Analogous
long-term, controlled experiments are not feasible in forests because they take decades or centuries
to mature. While diversity experiments using tree seedlings (e.g., Tobner et al. 2016) are comparable
to their grassland counterparts, seedlings often interact (i.e. compete) and grow differently to mature
trees (Lasky et al. 2015). Forestry experiments are conducted over longer time-scales but mainly
use commercially-important species, which do not reflect the variation in ecological strategies and
functions found in natural forest communities (e.g., Chen & Klinka 2003). Studying natural forests
overcomes some of these issues, as they have been established for multiple generations and contain
mature trees, but the diversity and composition of these forests emerge from a range of ecological
and evolutionary processes, and tend to be correlated with a range of abiotic processes (e.g., Vila et
al. 2013); so much so that these correlations are commonly used to predict diversity (e.g., Ferrier &
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Guisan 2006).
Ecological restoration projects have long been considered an underutilised resource for answering
fundamental questions about ecology (Bradshaw 1987). Such projects typically use a higher diversity
of species than forestry plantings, though species choice and diversity is often based on specific project
goals and can be constrained by funding and the availability of stock or seed. As a consequence, the
resulting diversity in restoration plantings may be less correlated with the environment than in natural
forests, such that different projects in the same region contain different subsets of species from the
regional species pool. Recently, there have been calls to explore BEF relationships in a restoration
context, especially to test if restoration projects can be designed to deliver multiple benefits (Aerts &
Honnay 2011; Wright et al. 2009). Even the oldest forest restoration project is likely to be immature
relative to uncleared vegetation, but many are older than existing forest diversity experiments. Over-
all, forest plantings containing multiple species provide a useful resource to expand our understanding
of BEF relationships, and their applicability to ecological restoration.
In this study, we examined relationships between diversity and productivity using 386 multi-species
forest plantings from across Australia. Data were collected in 977 sampled plots within these plant-
ings, spread across 3,700 km and spanning large gradients of climate (277 – 3,817 mm of annual
rainfall) and system productivity. The average planting age was 12.8 years old (SD = 6.2), with 155
(40%) plantings 20 years old or older. Overall, 68,777 trees and shrubs from 364 species were mea-
sured, from forests and woodlands in tropical, sub-tropical, temperate, Mediterranean and semi-arid
climates. In addition to species richness, we used available functional trait data, supplemented with
field collection, to estimate four species-level traits for 256 of the most common species.
One of the difficulties in BEF research is quantifying community niche space (particularly resource ac-
quisition strategies). Many BEF studies assume that the number of species in a community correlates
positively with the range of resource strategies (Cadotte et al. 2011), but this is not always the case
(e.g., Petchey et al. 2004). Functional traits offer an alternative framework, as they arewell-established
proxies for estimating differences in organism function (Violle et al. 2007). Because functional traits
describe the niche coverage and types of ecological strategies in a community, trait-based metrics
often explain more variation in productivity than simple taxonomic richness (Roscher et al. 2012).
The mean trait values in a community (the community-weighted mean (CWM)) reflect the traits of
the most abundant species; if mean trait values correlate with productivity, it suggests the ecological
strategy of the most abundant species, rather than the diversity of strategies, is driving productivity
(termed ‘mass ratio effects’) (Grime 1998; Roscher et al. 2012). Functional diversity indices, repre-
senting the range or spread of species in multi-trait space, capture the breadth and overlap of species
niches (Hooper et al. 2005; Mason et al. 2005). If these indices correlate with productivity, it suggests
that variation in ecological strategies contributes to community productivity (Roscher et al. 2012).
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Using the dataset of multi-species forest plantings across Australia, we aimed to answer the following
questions:
(1) after accounting for the effects of environmental conditions and planting density, does species
richness explain variation in stand-level forest productivity?,
(2) do functional diversity indices perform better than species richness as predictors of productivity?,
(3) can functional diversity indices and trait CWMs clarify how productivity is affected by community
composition?
As our study encompasses a large climate gradient, and BEF relationships may differ between en-
vironments, we examined these questions at two spatial scales: across most of the arable region of
Australia, and within groups of plantings with similar environmental conditions.
3.2 Methods
Survey plots used in this study were established in environmental plantings across the arable region of
Australia. Survey data were collected between 2004 and 2012 by the Commonwealth Scientific and
Industrial Research Organisation (CSIRO) (443 sample plots), the Queensland Department of Agri-
culture and Fisheries (46 plots), South Australia Department of the Environment, Water and Natural
Resources (36 plots), Western Australian Department of Parks and Wildlife (34 plots) and not-for-
profit organisations Greening Australia (609 plots) and Greenfleet (8 plots).
These environmental plantings were reforestation projects established between 1951 and 2005 using
multiple native species, either from tubestock or seed, on ex-agricultural land. Reforested areas had
no pre-existing woody vegetation at the time of planting, but were originally forest or woodland prior
to being cleared for agriculture. Some plantings were established expressly for ecological restoration,
others for alternate purposes such as carbon sequestration. We only have detailed management history
for a subset of plantings (109 plantings: 28.23%), but in that subset, site preparation was mechanical
(topsoil ripping or digging furrows for planting (scalping)). Livestock were excluded from plantings
during establishment, but were often let in periodically to graze as a method of weed control. We
know that these plantings were not harvested for timber, and while many Australian woody systems
are fire-prone, we found no evidence that the standing biomass in these plantings was affected by fire
(Fig. 3.1).
The species mix planted in each site was informed by local expertise, and in some cases the specific
restoration goal, and was constrained by budget and the availability of planting stock and seeds. Be-
cause of this, the species mixes varied substantially between plantings, even among those with similar
abiotic conditions (Fig. 3.2). In addition, plantings contained a variety of non-forestry species, and
even native species with forestry potential were likely sourced from local seed rather than commercial
genotypes (McDonald et al. 2016). The species recorded in this study were the species present at time
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of sampling, and records were not kept on which species were originally planted, so we cannot be sure
which species were lost or gained between the time of planting and plot sampling.
The size of sampled plots within plantings varied. Only seven plots were larger than one hectare; the
remaining plots averaged 694 m2 (SD = 62 m2). Sample plots all included at least 30 living trees and
shrubs, each identified to species (83%), genus (11%) or unknown (2%). Across all plots, 4% of plants
were dead at the time of measurement, which were not included in diversity calculations. A diameter
measure was taken on each plant, either at breast-height (130 cm), 50 cm or 10 cm. All stem diameters
frommulti-stemmed plants were combined to an equivalent single-stem diameter (De = √∑Di2, where
Di represents the diameter for each stem of a multi-stemmed plant) (Paul et al. 2013a). Plant above-
ground biomass was estimated from stem diameter using specific and calibrated allometric equations,
which, when compared to harvested dry-weight biomass, had low levels of error (Paul et al. 2013a).
Plot-level above-ground biomass (tonnes ha-1) was calculated by summing allometric estimates for
all plants within the plot, including dead stems.
Seventeen environmental variables (including soil nutrients, pH, texture and depth; temperature, mois-
ture availability and solar radiation; and topography) were estimated post-collection for each plant-
ing using spatial layers (Table S1.1). All layers had resolutions of either 3″(soil and topography) or
30″(climate). Sample plots within a given planting had the same values for each environmental vari-
able.
Our study included four functional traits, estimated as mean values for each species: specific leaf
area (SLA; mm2 g-1), wood density (g cm-3), seed mass (mg) and maximum height (m). These traits
were chosen as they are commonly available for a large number of species, and either correlate directly
with relative growth rate (SLA and wood density), represent size at maturity (maximum height), or
affect early growth and survival (seed mass) (Perez-Harguindeguy et al. 2013). While we recognise
that functional trait values can differ between populations, and even individuals within populations,
estimating intraspecific trait variation was beyond the scope of this study.
Existing functional trait values for SLA, wood density and seed mass were obtained from the TRY
plant database (Chave et al. 2009; Fonseca et al. 2000; Green 2009; Kattge et al. 2009, 2011; Ni-
inemets 2001; Onoda et al. 2011; Poorter et al. 2009; Reich et al. 2009; Wright et al. 2004c); maximum
height values were obtained from Australian state herbarium records. Additional trait data were col-
lected in the field for 129 species for SLA and 137 for wood density. Trait values from field-collected
data were estimated on five individuals (five samples per individual for SLA, one sample for wood
density), following commonly used trait-collection protocols (Perez-Harguindeguy et al. 2013). Traits
were estimated using individuals in remnant vegetation to limit alteration of traits from anthropogenic
influences.
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Figure 3.1: (a) Comparison of plot biomass by planting age between study plots with fires within 1km2 between
2000 and 2010 (NASA 2017). (b) Residuals from the species richness model shown in Fig. 3.5a, categorised
by whether a fire had occurred during this period. The lack of trend in (a) and no negative skewing of residuals
in (b) suggest that these fires did not influence the biomass estimates in study plots.
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Figure 3.2: Non-metric multidimensional scaling of mixed-species forest plantings, grouped by environmental
group (see Fig. 3.4) using species presence. There is substantial variation in species composition between
groups, and within each environmental group. (b) shows the 95% confidence boundary around the centroid for
each environmental group.
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3.2.1 Data analysis
All data analysis was performed in R (R Core Team 2017).
The number of woody plant species present in plots ranged from two to 30. As plots varied in size and
plant density, we estimated species richness using rarefaction (n = 30) to ensure species richness was
not related to the number of individuals (rarefy function, vegan package: Oksanen et al. 2016). For
this process, genus IDs were counted as one additional species per genus, and all unknown plants in
a plot were counted as a single additional species. Unknown IDs represented a very small proportion
of all sampled individuals (1,659 plants: 2.41%) so impacts of unknown plants on total diversity was
limited and in cases where they represented multiple unknown species, impacts on diversity were still
likely to be small. Dead plants were excluded from rarefaction calculations.
Species means for each functional trait were calculated where multiple sources were available. Values
for genus IDs and species without trait information were estimated separately for each planting using
congener trait values from other plantings within a given radius (within 50 km for c. 80% of plants,
traits estimated from a mean of c. 10 species). We used this method to limit the influence of traits
from geographically-distant species in genera with wide trait variation (such as Eucalyptus).
All traits were ln-transformed to create approximately normally-distributed variables. For each trait
we calculated community-weighted means in each plot, and with all four traits we calculated three
multi-trait functional diversity indices (as per Villeger et al. 2008): functional range (the volume of
trait space occupied by the species present in the plot), functional evenness (how evenly spaced the
traits of the species are) and functional divergence (a measure of how similar or different the species’
traits are) (dbFD function, FD package: Laliberté & Legendre 2010; Laliberté et al. 2014)).
3.2.2 Modelling
The response variable for all models was an estimate of primary productivity, calculated by dividing
plot above-ground biomass by time since planting establishment (years). These values represent ‘mean
annual biomass increments’, with units of tonnes ha-1 year-1. As our plantings were still fairly young,
stand growth rates were likely still exponential, and older plantings were likely to have a steeper slope
of annual biomass accrual than younger plants. We corrected this by ln-transforming mean annual
biomass increment values prior to modelling. We note that these estimates of productivity exclude
below-ground biomass, and productivity lost as leaf litter, coarse woody debris, and to herbivory and
disease. Despite these limitations, rates of biomass accrual and wood production are regularly used
as estimates of primary productivity in BEF research (e.g., Duffy et al. 2017; Finegan et al. 2015;
Paquette & Messier 2011; Vila et al. 2013).
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As we identified that diversity was not strongly correlated with the environment (Fig. 3.3), we could
regress diversity indices and environmental covariates without needing to partition the environment’s
effect on diversity from its effect on productivity. This meant we could use linear mixed-effects mod-
els (rather than path analyses) for all models (lme function, nlme package (Pinheiro et al. 2014)), with
random effects (random intercepts) to account for spatial nesting. Sample plots were nested within
plantings, and plantings were nested within biogeographic subregions as defined under Version 7 of
the Interim Biogeographical Regionalisation of Australia (Thackway & Cresswell 1995).This nesting
accounted for unexplained variation in planting performance between regions and between plantings
within each region.
We extracted values for environmental variables at each planting from spatial layers using longitude
and latitude (extract function, raster package (Hijmans 2015)). These variables, along with planting
age and density, were ln-transformed where it improved the linearity of bivariate relationships with
productivity. A number of environmental predictors were significantly correlated (Fig. 3.3). A best-
fitting subset was established using unsupervised model selection (dredge function, MuMIn package
(Bartoń 2016)), comparing all variable combinations with low Pearson correlation coefficients (< 0.6).
We included covariates in the diversity models based on the summed Akaike weights of all unsuper-
vised models that contained each variable (Fig. 3.3). Planting age (years, ln-transformed) and plant
density (count of woody plants divided by plot area (plants ha-1, ln-transformed)) were both fixed
in the model (i.e. included in all candidate models). We selected all variables with an importance
greater than 0.2, choosing the more important variable where pair-wise correlations were high. The
best-fitting environmental covariates selected by this process were ln-transformed moisture availabil-
ity (annual rainfall (mm) / annual potential evapotranspiration (mm), higher values indicate moister
conditions), mean annual minimum temperature (∘C) and soil sand content (%).
Our initial model contained only an intercept with random effects for spatial groupings, to act as a null
model for model comparison. To this model we added planting age, plant density and the other en-
vironmental covariates. Two-way interactions were only considered where biologically appropriate,
and were removed if they did not improve model AIC by at least 2 units. Next we ran three diversity
models: one with species richness, one with trait CWMs and one with the three functional diversity
indices included as fixed effects. All fixed effects were standardised (mean = 0, SD = 1) to allow
comparison of partial regression slopes. We used likelihood ratio tests to compare the age, density
and environment (ADE) model to the null model, and the various diversity models to both the null
and ADE models.
To test for differences in BEF relationships under different environmental conditions, we grouped
our study plots based on selected environmental variables using k-means clustering (Fig. 3.4). We
chose eight groups that explained 80% of environmental variation between sample plots. Using these
groups, we modelled the correlation of species richness, functional diversity indices and trait CWMs
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Figure 3.3: Importance of covariates in explaining variation in plot productivity (ln(tonnes biomass ha-1 year-1))
in forest plantings, lower triangular correlation matrix of structural and environmental covariates, and correla-
tion of these covariates with diversity indices. Importance of covariates was established by summing the Akiake
weights of unsupervised model selection that contained each variable (fit to all combinations of variables with
correlation coefficients < 0.6). Variables included in diversity models are shown with bold text and black bars,
and include all variables with summed Akiake weights of > 0.2 (except for Rainfall and Moisture, where due
to strong correlation the higher-weighted variable was chosen). Density = plant density, Age = planting age,
Moisture = moisture availability, Tmin and Tmax = annual mean minimum and maximum temperature, Elev
Rel = elevation relief, Solar = annual mean of daily solar radiation, Prec Seas = precipitation seasonality, TWI =
Topographic Wetness Index, Richness = rarefied species richness (n = 30). FRv, FEm and FDm are functional
range, evenness and divergence, respectively. Table S1.1 contains details and sources for all environmental
variables.
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Figure 3.4: Pairwise scatterplots of three environmental variables chosen to group study plantings using k-means
clustering. Eight groups were the minimum required to explain 80% of the variance in these environmental
variables.
with residual plot-level productivity from the continent-wide model containing age, density and en-
vironmental covariates. These residuals were used as the response in a linear mixed-effects model
(random-effects structure as specified above) with three fixed effects: environmental group (fac-
tor), species richness, and their interaction. This process was repeated, substituting trait CWMs and
functional diversity indices for species richness. Slopes for each environmental group in all models
were compared to zero using generalised linear hypothesis testing (glht function, multcomp package
(Hothorn et al. 2008)) to adjust confidence intervals for multiple comparisons (as per Westfall 1997).
3.3 Results
As expected, our assessed diversity indices had almost zero correlation with abiotic covariates (Fig.
3.3), which is evidence that diversity in our study plots was not a product of local conditions. Overall,
our estimates of primary productivity were best predicted by the local environment, plant density, and
in some cases, the functional traits of the dominant species (CWMs): productivity did not correlate
with species richness or functional diversity indices.
33
Table 3.1: Results of linear mixed-effects models of plot productivity (ln(tonnes biomass ha-1 year-1)). The
null model included only an intercept with nested random-effects to reflect spatial clustering. The age, den-
sity and environment (ADE) model includes five fixed effects: ln(planting age), ln(stem density), ln(moisture
availability), soil sand content and average minimum temperature, and three interaction terms (moisture avail-
ability:density, age:density and age:min temp). Three additional models were created from the ADE model
by adding species richness, community-weighted trait means (CWMs) and three functional diversity indices
respectively. We compared all tested models with the null and ADE models using likelihood ratio tests.
* The model incorporating functional diversity indices was a significantly poorer fit than the ADE model, not
better.
Model AIC Log-lik.
Compared to null model Compared to ADE model
Likelihood
ratio
p-value
Likelihood
ratio p-value
Intercept-only
(Null)
1542.318 -767.189 - - - -
Age, density and
environment (ADE)
1367.277 -671.638 191.041 < 0.001 - -
ADE + Species
richness
1368.388 -671.197 191.930 < 0.001 0.889 0.346
ADE + Functional
diversity indices
1379.576 -675.788 202.916 < 0.001 11.875 0.018*
ADE + Trait CWMs 1363.402 -665.701 182.741 < 0.001 8.300 0.016
3.3.1 Age, environment and structure
The addition of planting age, plant density and environmental (ADE) variables substantially improved
model fit (Table 3.1). In particular, stem density and moisture availability showed strong positive
correlations with estimates of plot productivity (Fig. 3.5a; Table S3.3). Planting age had a near-
zero main effect, but had negative interactions with plant density and minimum temperature (Fig.
3.5a; Table S3.3). The interaction between plant density and planting age indicated that, on average,
the positive effect of plant density on productivity was negligible after around 25 years of age. The
interaction between planting age and average minimum temperature predicted that older plantings
(> 15 years old) in cooler regions and younger (< 5 years old) plantings in warmer regions were the
most productive (Fig. 3.5d). There was an additional significant interaction between plant density and
moisture availability, which suggested that the positive effect of increased density on plot productivity
was far weaker in wet than in dry regions (Fig. 3.5b, c).
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Figure 3.5: Summary of results from models predicting primary productivity (ln(tonnes biomass ha-1 year-1))
at the national scale (a-d) and per environmental group (e). (a) Standardised partial regression slopes from
linear mixed-effects models. Significant interaction terms are shown in gray and illustrated in (b-d). Note that
predicted values and some axes are on log-scales. (e) Map showing study plots aggregated into eight groups
with similar environmental conditions. We estimated relationships between species diversity and productivity
by extracting population-level residuals from the model shown in (a) (excluding ’species richness’), which were
modelled as a function of rarefied species richness (n = 30), environmental group, and their interaction, to allow
for different slopes per group. Regression slopes and 95% confidence intervals are plotted for each group. One
group (”arid woodlands”) showed a positive relationship with species richness, but it was non-significant (Table
S3.4). Shading on the map represents annual rainfall and the density of sites across the rainfall gradient is shown
in the bottom-left. Medit = Mediterranean. Sub-tr = sub-tropical.
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3.3.2 Diversity indices
When species richness was added to the age, density and environment model its coefficient was close
to zero (Fig. 3.5a; Table 3.1; Table S3.4), indicating that the number of planted species did not have a
detectable effect on plot productivity. When relationships were examined separately within environ-
mental groups, only one group showed a relationship between richness and plot productivity, but it
was not significant (”semi-arid woodlands” in Fig. 3.5e; Table S3.5). The addition of the three func-
tional diversity indices (functional range, evenness and divergence) resulted in a significantly poorer
model fit (Table 3.1), and these indices did not significantly correlate with productivity in either the
continent-wide or environmental group models (Fig. 3.5; Table S3.6-7).
3.3.3 Trait means
In contrast to the near-zero effects of functional diversity, the inclusion of trait CWMs substantially
improved model fit relative to the ADEmodel (Table 3.1). In the continent-wide model, SLA and seed
mass CWMs had significant positive relationships with plot productivity (Table S3.8). Whenmodelled
by environmental group, SLA CWM had a significant positive relationship with plot productivity in
the ”tropical rainforests” group and wood density had a significant negative relationship in the ”wet
woodlands” group (Fig. 3.5b, h; Table S3.9).
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Figure 3.6: Coefficients from functional diversity and community-weighted trait mean (CWMs) variables used
to explain residual primary productivity (ln(tonnes biomass ha-1 year-1)) in environmental groupings, after cor-
recting for planting age, plant density and environment variables (see Methods for details). Error bars are 95%
confidence intervals, corrected for multiple comparisons. Significant effects are shown with filled-in circles
(Tables S3.7, 9). SLA = specific leaf area. FRv, FEm and FDm = functional range, evenness and divergence
respectively.
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3.4 Discussion
Our results suggest that species and functional diversity are poor predictors of productivity in Aus-
tralian forest plantings, regardless of whether forests are assessed within individual climate regions or
across the entire arable region of Australia. We found patterns associated with individual functional
traits that resembled mass ratio effects, but evidence that species mean functional traits or diversity
are useful predictors of forest productivity in reforestation was much weaker than expected based on
other large-scale forest studies (e.g., Liang et al. 2016; Zhang et al. 2012). However, our results also
suggest that multi-species forest plantings are useful for BEF research; primarily, we show that di-
versity in the studied plantings was not related to abiotic conditions, simplifying the potential causal
structure of estimated primary productivity (Fig. 3.3), and that plantings in similar conditions con-
tained a range of different species, allowing for exploration of the effect of functional composition on
ecosystem functions (Fig. 3.2).
3.4.1 Environmental correlations with productivity
We found that higher plant density increased stand level productivity, but this positive effect was
reduced in older plantings, and in mesic locations (Fig. 3.5a-c). This relationship is well-studied
in silviculture (Jack & Long 1996), and in mesic regions, could have resulted from slower rates of
self-thinning, leading to persistently high-density stands of competitively-suppressed stems (Gerhardt
1996). These stands may only be as productive as stands with fewer, larger individuals.
The positive relationship between soil sand content and productivity (Fig. 3.5a) was counter to ex-
pectations, and there are two possible explanations for this. Sandy soils have been shown to reduce
tree mortality in semi-arid Australian communities by allowing deeper root penetration, and by reduc-
ing loss of groundwater by upward capillary action (Sperry & Hacke 2002). This lower mortality in
sample plots could have increased stand-level productivity simply by maintaining more plants. Alter-
natively, the positive effect of sand content may reflect the distinctiveness of Mediterranean climates
in Australia. These regions have higher soil sand content than the other regions examined (Fig. 3.7),
and receive mostly winter rainfall. Thus, seasonal rainfall coinciding with periods of lower evapo-
rate demand may have driven greater productivity in these regions than predicted using our annual
estimates of moisture availability.
3.4.2 Trait correlations with productivity
In contrast to diversity indices, CWMs were strong predictors of stand-level productivity across Aus-
tralia (Table 3.1), though when plantings were split into environmental groups, these relationships
were most apparent in particular environments (Fig. 3.6).
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Figure 3.7: Mean soil sand content of sample plots in mixed-species plantings surveyed in the study, plotted
against residual biomass (after accounting for all other variables in the age, environment and structure model:
ln(planting age), ln(plant density), ln(moisture availability) and mean minimum temperature). Results are pre-
sented as means within eight environmental groups. Error bars represent 95% confidence intervals.
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Figure 3.8: Specific leaf area (SLA) of tree and shrub species planted in study plots, grouped by environment.
Tropical rainforests contain more species with high SLA relative to other groups, and has a greater range of
values; note that the y-axis is ln-tranformed.
The positive effect of SLA in tropical rainforests accords with a global relationship between SLA and
primary productivity (Reich et al. 1997). It may not have been observed in drier environmental groups
due to low variation of SLA, as most Australian forests and woodlands are dominated by sclerophyl-
lous species with relatively low SLA (Fig. 3.8) (Wright et al. 2004a).
The negative effect of wood density on productivity in the wet woodlands group is possibly due to
the prevalence of several commonly-planted, nitrogen-fixing tree species (particularly Acacia pyc-
nantha and A. mearnsii); these species have low wood densities, are fast growing and can tolerate
high intraspecific densities (A. mearnsii is listed in the global top 100 invasive species (Lowe et al.
2000)). The observed relationships are consistent with mass ratio effects, where the traits of the dom-
inant species (low wood density Acacia in this case) drive productivity, rather than the diversity of
dominant and subordinate species’ traits. In this case, the strength of this effect may diminish over
time as intraspecific competition intensifies and slows productivity, as is the case in other densely-
regenerating Acacia stands (Dwyer et al. 2010a).
The positive effect of seed mass CWM on productivity across Australia appears to have been driven
by high productivity in tropical rainforests and in plots elsewhere that were dominated by fast-growing
Acacia species. Rainforest species have large seeds compared to other Australian forest types, and
Acacia seeds are generally an order of magnitude larger than seeds of other commonwoody Australian
genera, such as Eucalyptus and Corymbia.
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3.4.3 Potential explanations for neutral diversity-productivity relationships
We acknowledge that our findings are not in line with most BEF research. Indeed, the most recent
meta-analysis of diversity-productivity relationships in observational studies found a consistent pos-
itive relationship in woody systems (Duffy et al. 2017). We suggest three possible explanations for
why wemay not have observed a positive diversity effect: (1) the use of immature forest communities,
(2) potential non-random disturbance in sampled plantings, and (3) agricultural legacy effects.
Despite the fact that a number of plantings surveyed in our study were as old as, or older than, estab-
lished forest diversity experiments (e.g., Verheyen et al. 2016), they were still immature, and transient
dynamics may be influential (Fukami &Morin 2003). Previous research has found that the importance
of diversity in maintaining productivity increases as communities mature (Meyer et al. 2016; Reich
et al. 2012).
In our model containing trait CWMs (the best-fitting model in our study), most of the unexplained
variance in productivity was between plantings in the same region (Table S3.7). While no timber was
harvested from our study plots, and fire did not affect our plots (Fig. 3.1), a number of plantings were
periodically grazed by livestock once plants were established to control weeds. This grazing may
have reduced productivity, especially from shrub species; our productivity estimates do not account
for biomass lost to herbivory, so this grazing may have obscured positive diversity-productivity rela-
tionships. In addition, grazing likely limits recruitment into plantings, which over a longer time period
may reduce diversity or result in ecosystem collapse.
Agricultural legacy effects can influence both planted (Cramer et al. 2008) and naturally regenerating
forests (Dwyer et al. 2010b). Soil compaction can reduce the growth rate of woody plants (Kozlowski
1999), and thus reduce stand productivity regardless of planted diversity. Nutrient addition, typical of
agricultural practices, has also been shown to lower the diversity of grasslands by reducing trade-off
opportunities (Harpole & Tilman 2007). As such, the flat diversity-productivity relationship we ob-
served may be due to species with redundant nutrient acquisition strategies performing poorly under
enriched conditions, thereby reducing the productivity bonus expected when plantings are diverse.
3.4.4 Implications of our results
Notwithstanding these possible explanations, we are certainly not the first to report weak, absent, or
variable diversity-productivity relationships in forest systems (Finegan et al. 2015; Firn et al. 2007;
Lasky et al. 2014; Nguyen et al. 2012; Ratcliffe et al. 2016, 2017; Sullivan et al. 2016; Vila et al.
2013). The conclusions emerging from these studies, and ours, is that there are circumstances in
which diversity makes a variable, minor, or even negligible contribution to overall community pro-
ductivity.
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Our findings suggest that we should be cautious in assuming that the dominant positive relationship
can be extrapolated to unstudied and under-studied systems. This is particularly important as some
recent studies have assumed that a strong positive diversity-productivity relationship is universal, and
offer suggestions for conservation and restoration management action based on this assumption (Car-
wardine et al. 2015; Pichancourt et al. 2014). This is not to say that diversity cannot provide benefits
to restored communities, even where it does not correlate with productivity. There is evidence that
diversity correlates more strongly with ecosystem functions related to community resilience than with
production (Ratcliffe et al. 2017). Resilience and persistence are important considerations for restored
andmanaged forest communities, especially as the outcomes of restoration action are notoriously vari-
able (Brudvig 2017; Suding 2011) and simplified, low-diversity communities may be more likely to
collapse into undesirable alternate states (Lindenmayer et al. 2016). Such a collapse is likely to have
negative effects on the output of desirable ecosystem functions, including productivity.
Here we show that reforestation plantings are a viable and useful resource for forest BEF research,
one that despite limitations, offers unique advantages that other data sources lack. Plantings on ex-
agricultural land can contain different subsets of the regional species pool (Fig. 3.2), and an artificially-
defined diversity that is unrelated to environmental conditions (Fig. 3.3). In addition, different-aged
plantings can be sampled across and between agricultural regions, allowing for the study of older com-
munities (e.g., greater than 20 years old) and communities replicated across environmental gradients.
Finally, given the importance of restoration activities, particularly for aiding in conservation and cli-
mate change mitigation activities, studying existing plantings can inform management and practice.
It is important to note that we do not claim that diversity has no effect on productivity. Rather, we
provide evidence that a positive relationship is not evident in planted forests across a wide range of
woodland and forest systems, at least in the first few decades of growth. In the context of designing
reforestation plantings that provide multiple benefits, productivity does not appear to increase with
diversity in our study region. Our findings are important for developing a more nuanced understand-
ing of when, and under what circumstances, diversity can be used to effectively boost productivity in
managed forest systems, and when other factors may be more important to consider.
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Climate, functional traits and competition drive Acacia spp and
Eucalyptus spp growth rate differently in diverse revegetation
4.1 Introduction
Plant growth depends on the ecology and physiology of individual plants, the availability of resources
and interactions with other organisms (Harper 1977). Understanding the drivers of growth is im-
portant for informing community ecology theories (HilleRisLambers et al. 2012) and for achieving
common restoration goals such as maximising rates of carbon sequestration or accelerating the recov-
ery of natural vegetation to provide animal habitat. Plant functional traits are measurable attributes
of plants that describe their ecological strategies and physiological tolerances using a common cur-
rency (McGill et al. 2006; Violle et al. 2007). The challenge of explaining differences in restoration
outcomes across the world has driven an increasing interest in using plant traits to understand differ-
ences in plant growth, which fundamentally determines the success and failure of restoration plantings.
Analyses of plant functional traits have revealed global spectra describing trade-offs between growth
and other vital rates such as survival (e.g., Díaz et al. 2004). For example, wood density is consis-
tently negatively correlated with diameter growth rate (Chave et al. 2009; Gibert et al. 2016), but high
wood density species tend to be more resistant to low water availability, pathogens and disturbance
(Perez-Harguindeguy et al. 2013). In a similar vein, the leaf economic spectrum is underpinned by the
ratio of leaf construction costs to photosynthetic capacity, which is captured in large part by specific
leaf area (SLA) (Díaz et al. 2016). High-SLA species produce energetically ‘cheap’ leaves that have
a fast return on investment through photosynthesis but are short-lived. SLA also tends to correlate
positively with growth rates in seedlings (Wright Westoby, 2000, Houghton et al., 2013) (Gibert et al.
2016; Wright & Westoby 2000). The maximum achievable height of a species is also an important
component of overall plant strategies to intercept light while maintaining water transport, and is a
strong positive predictor of branch growth and overall growth rate (Gleason et al. 2017).
Plant growth can also be strongly influenced by the density, composition and diversity of plants in
the surrounding interaction neighbourhood. Competition is generally stronger among conspecifics
than heterospecifics (Adler et al. 2018), because conspecifics share the same resource requirements
and acquisition strategies. In addition, the taxonomic and functional diversity of neighbours may in-
fluence the growth rate of a focal individual by altering the diversity of surrounding and competing
ecological strategies. Communities with greater diversity are predicted to have lower overlap in re-
source requirements and resource acquisition strategies (Loreau 2000) leading to weaker competition
between individuals, and faster growth rates (e.g., Forrester et al. 2006; Zambrano et al. 2017).
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Functional traits can explain the growth of focal individuals, and also inform the likely strength of
competition experienced within interaction neighbourhoods. However, commonly measured func-
tional traits may not adequately capture all relevant aspects of species’ strategies (Li et al. 2017) and
this unmeasured interspecific variation could alter the relationships between growth rates, traits and
neighbourhood interactions. Some unmeasured variation may be evolutionarily-conserved and thus
captured by grouping closely-related species using phylogenies or clearly defined taxonomic group-
ings. If growth rate relationships differed in magnitude or direction between groups, it would suggest
that unmeasured traits shared by group members mediate plant growth. Identifying such differences
could have implications for how we integrate functional traits into studies of community assembly
and ecosystem function, as well as for existing theoretical frameworks and applied management of
ecological restoration.
Acacia and Eucalyptus are two common woody genera in Australia, important to restoration efforts
across Australia and to forestry globally, that are also well-placed to examine evolutionarily-conserved
differences in drivers of growth rate. The two genera diverged over 100 million years ago, are mem-
bers of different orders (Fabales andMyrtales, respectively), are very diverse (more than 700 and 1000
recognised species, respectively) and have wide intra-genus trait variation (Fig. 4.1c-e).
The choice of plant species and their relative abundances can shape the trajectory of ecological restora-
tion projects. Despite frameworks to incorporate functional traits into restoration (Laughlin 2014;
Laughlin et al. 2018; Perring et al. 2015; Rosenfield & Müller 2017), most studies of individual
plant performance in a restoration context distinguish between species by life-form or successional
stage, not by functional traits linked to specific ecological functions or restoration outcomes (Gómez-
Aparicio 2009; Verdú et al. 2012). Understanding how the growth of common restoration taxa corre-
late with functional traits and neighbourhood conditions, and whether these relationships differ based
on evolutionary history, could provide practitioners with additional information to use when planning
and maintaining projects.
Here we analysed growth data for Eucalyptus and Acacia using a large dataset from diverse planted
forests across southern Australia. Focusing on growth in these mixed-species plantings, we specifi-
cally ask:
(1) do the functional traits of an individual and its neighbourhood density and composition affect the
observed growth rate?,
(2) does the direction and magnitude of these relationships differ between Acacia and Eucalyptus?,
(3) do trait and neighbourhood effects on growth vary depend on regional moisture availability?
Predictors of growth rate included in our study, as well as theorised relationship shape, are summarised
in Table 4.1.
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Figure 4.1: (a) Location of the sampled environmental forest plantings across Australia, and their density across
the annual moisture availability gradient (unitless ratio of mean annual rainfall to mean annual potential evap-
otranspiration). Most plantings contained three sample plots (mean = 3.627, SD = 3.99) smaller than 400 m2,
which were treated as interaction neighbourhoods. (b) Number of Acacia (A) and Eucalyptus (E) species from
the sampled plantings that occur within 1∘grid squares across Australia (43 and 80 species respectively). Occur-
rence data were obtained from herbarium records (AVH 2018). (c-e)Density of species mean trait values across
the sampled Acacia (A) and Eucalyptus (E) species. The limits of (c-d) were set to the smallest and largest trait
values used in large-scale studies: Wright et al. (2004b) for specific leaf area (converted from leaf mass per area
(LMA)) and Chave et al. (2009) for wood density. Limits for maximum height (e) were set to 0.1 m and 110 m.
The width of density functions were truncated at the most extreme trait values in our dataset, and indicate the
width of intra-genus trait variation compared to variation across all vascular plants (represented by plot width).
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Table 4.1: Continuous fixed effects included in models of plant growth rate, with theorised relationship with
growth rate, the expected direction, and pertinent references.
Fixed effect Theoretical link to growth rate
Direction
of rela-
tionship
Reference
Focal plant functional traits
Specific leaf area Leaf economics spectrum Positive (Wright et al. 2004c)
Wood density Wood economics spectrum Negative (Chave et al. 2009)
Maximum height Allocation to vegetative growth Positive (Canham et al. 2004)
Climate
Moisture availability Resource for energy production Positive (Huxman et al. 2004)
Solar radiation Resource for energy production Positive (Monsi & Saeki 2005)
Planting characteristics
Planting age Growth curves Positive (Michaletz et al. 2014)
Plot area Control for varying plot sizes - -
Neighbourhood
characteristics
Neighbour density Competition for limiting resources Negative
(Weigelt & Jolliffe
2003)
Relative abundance of
intraspecific neighbours
Negative density-dependence Negative (Johnson et al. 2012)
Species richness Complementarity Positive (Loreau 1998)
Functional evenness Complementarity Positive (Loreau 1998)
Functional dispersion Complementarity Positive (Loreau 1998)
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4.2 Methods
4.2.1 Study genera
Eucalyptus range from 10 m tall multi-stemmed ‘mallees’ to 90 m tall trees (Brooker & Kleinig 1990),
whileAcacia are nitrogen-fixers which grow from 0.5m tall spreading shrubs to 25m tall trees (Maslin
et al. 2003). Not only are the two genera evolutionarily-divergent, but members of both genera overlap
in distribution across much of the Australian continent, creating consistent patterns of genus-level co-
occurrence across a large climate gradient (Fig. 4.1b).
4.2.2 Revegetation plot data
Neighbourhood plots used in this study were set up in environmental plantings across the arable region
of southern Australia (Fig. 4.1a). Survey data were collected by the Commonwealth Scientific and
Industrial Research Organisation (CSIRO) (17,081 plants in 226 plots) and not-for-profit organisa-
tions: Greening Australia (9,902 plants in 221 plots) and Greenfleet (1,046 plants in 50 plots). These
environmental plantings were established on ex-agricultural land using multiple native species planted
as tubestock or sown as seed. In all planting locations the agricultural land had been long-cleared of
forest or woodland vegetation. Some plantings were established expressly for ecological restoration,
others for alternate purposes such as carbon sequestration. Mean planting age was 12 years, but ages
ranged from four to 33 years.
The study plantings spanned a wide moisture availability gradient across southern Australia from
semi-arid to mesic conditions (Fig. 4.1a). Natural vegetation varies from open woodlands with 8-
10 m canopies and an understorey shrub layer, to tall, closed forests with 30 m canopies. In mesic
regions, some tree species can extend well beyond 50 m tall (e.g., Eucalyptus regnans). Across the
breadth of our study region, Acacia and Eucalyptus species commonly co-dominate the canopy and
understorey layers respectively. While our study species only comprised c. 5% of Acacia species and
c. 10% of Eucalyptus species, the chosen species cover a wide range of trait values (Fig. 4.1c-e) and
have strongly overlapping distributions across southern Australia (Fig. 4.1b).
Sample plots within plantings varied in size, but all were squares that were smaller than 400 m2.
Plots contained an average of 34.81 woody plants (SD = 25.61), and had an average area of 231.84 m2
(SD = 115.68 m2). In total, the study plots contained stem diameter measurements on 28,029 individ-
ual plants from 249 species and 38 genera. In each sample plot, we treated all Acacia and Eucalyptus
plants with available species-level functional trait data as focal plants for growth rate analyses (6,921
Acacia plants from 43 species, and 10,378 Eucalyptus plants from 80 species).
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4.2.3 Biomass estimation
Diameter measures on all stems within each plot were taken during plot surveys, either at breast-height
(130 cm above the ground), 50 cm, 10 cm. Above-ground biomass of each plant was estimated from
stem diameter measurements using species- or life-form-specific allometric equations (as per Paul
et al. 2013b). These equations were validated using plants harvested for biomass, and had very low
levels of error (Paul et al. 2013b).
4.2.4 Functional traits
We included three plant functional traits in our analyses, estimated as mean values for each species:
specific leaf area (SLA: mm2 g-1), wood density (g cm-3) and and maximum height (m) (See Table
S4.2 for trait sample sizes). The majority of functional trait data were obtained from the TRY plant
database (Fonseca et al. 2000; Green 2009; Kattge et al. 2009; Niinemets 2001; Onoda et al. 2011;
Shipley et al. 2006; Wirth & Lichstein 2009) and Australian state herbarium records. Additional trait
data for SLA and wood density were collected for 65 and 63 species respectively (Table S4.2). These
traits were measured on five individuals (five leaves per individual for SLA, one stem sample per
individual for wood density), following standard trait-collection protocols (Perez-Harguindeguy et al.
2013).
Specific leaf area (SLA) is the ratio of one-sided leaf area to dry mass. High SLA species have
thin, photosynthetically active leaves, but are water inefficient and expensive to maintain (Perez-
Harguindeguy et al. 2013; Reich 2014). In contrast, low SLA leaves have lower water-loss and are
longer-lived, but are less photosynthetically active. In general, higher SLA species have faster growth
rates than low SLA species, at least while young (Gibert et al. 2016; Perez-Harguindeguy et al. 2013;
Reich 2014). Wood density is the ratio of dry mass to volume of woody tissue, and captures a trade-off
in growth versus survival (Perez-Harguindeguy et al. 2013). Species with dense wood tend to grow
more slowly (Chave et al. 2009), but are often more resistant to low water availability, pathogens and
disturbance (Perez-Harguindeguy et al. 2013). Low wood density species are also less tolerant of
competition, and exert less of a competitive effect on neighbours (Kunstler et al. 2016). Maximum
attainable height captures a trade-off between the ability to intercept light versus the distance required
to deliver water to the crown (Ryan & Yoder 1997).
Where possible, traits were obtained for all neighbourhood species (not just focal Acacia and Eu-
calyptus species), but trait values for some species were interpolated from nearby congeners (see
Section 2.2.5 below). Of the 126 neighbour-only species, we had species mean traits for 46.1% for
SLA, 50.8% for wood density, and 81.7% for maximum height. After interpolation, we had estimated
values for 94.4% for SLA, 93.6% for wood density, and 96.8% for maximum height. Focal Eucalyp-
tus and Acacia species did not contain interpolated trait values: we had species mean traits for all 123
species.
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4.2.5 Data analysis
All analyses were performed in R (R Core Team 2017).
Calculating growth rate
We estimated relative growth rate for each plant by dividing its estimated above-ground biomass (ln-
transformed) by planting age. The resulting growth rate is relative annual biomass increment, with
units of kg kg-1 year-1. This calculation assumes that a plant’s initial mass at the time of planting was
zero, and that all measured plants were present from time of planting. As plots were not inventoried
immediately following planting, it is possible that some may have colonised via natural means. As a
precaution, we excluded very small focal plants (< 100 g) from our analyses under the basis that they
were unlikely to have been present at the initial planting (n = 129).
Abiotic conditions
We extracted planting-level estimates of moisture availability (unitless: annual rainfall / annual poten-
tial evapotranspiration, such that higher values indicate greater available moisture) and solar radiation
(MJ m-2 day-1) from spatial layers (Table S1.1) using longitude and latitude coordinates (extract func-
tion, raster package (Hijmans 2015)).
Neighbourhood variables
Stems locations were not mapped within plots, so it was not possible to calculate neighbourhood
variables using a specific radius around each Eucalyptus and Acacia focal plant (’focal’). Instead,
we calculated neighbourhood attributes using all plants in the plot (not just Acacia and Eucalyptus),
excluding the focal, and accounted for differences in plot size and neighbour density in a number of
ways. Neighbourhood richness was calculated using rarefaction to account for variation in plot size
and neighbour abundance. Rarefied richness was calculated using the rarefy function in the vegan
package (n = 9: minimum of 10 plants per plot, minus the focal) (Oksanen et al. 2016). We also
calculated functional diversity indices for each neighbourhood using the three indices outlined in Vil-
leger et al. (2008): functional range, functional evenness and functional dispersion (dbFD function,
FD package (Laliberté & Legendre 2010; Laliberté et al. 2014)). Where functional trait values for
neighbours were unknown, we used the mean trait value of all congeners from nearby plots (within
50 km for c. 90% of plants missing trait data).
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4.2.6 Statistical models of plant growth rates
Models including all focal plants
We first modelled the growth of all focal plants in each plot, even though focal plants contributed
to the neighbourhood calculations of other focal plants in the plot and were therefore not independent.
To account for this, in a second step we randomly sampled one focal plant from each plot using a ran-
domisation procedure (outlined below). In both cases we modelled relative growth rates using linear
mixed-effects models fitted with the lmer function from the lme4 package (Bates et al. 2014). Ran-
dom effects (varying intercepts) were included to account for nesting of growth observations within in
sample plots, plots within plantings, and plantings within biogeographic subregions (Version 7 of the
Interim Biogeographical Regionalisation of Australia (IBRA) (Thackway & Cresswell 1995)). We
also included random intercepts for each species as a separate random effect to account for the fact
that growth observations of individuals from the same species were not independent.
Within this model structure we used five different models to address our research questions. Our first
model was an intercept-only model (‘null model’). Our second model included focal species’ traits,
climate variables, planting characteristics (e.g., planting age) and neighbourhood metrics (Table 4.1)
but did not include focal plant genus (Acacia or Eucalyptus) as a fixed effect (no genus model). Our
third model added the focal plant genus to the second model, and included two-way interactions be-
tween genus and the other predictors (‘genus model’). The final two models extended our ‘no genus’
and ‘genus’ models by including interactions between moisture availability and all other predictors.
For the model extending our ‘no genus’ model, these were two-way continuous interactions (‘no genus
moisture model’). For the model extending our genus model (‘genus moisture model’), these were
three-way interactions between two continuous variables (moisture availability and all others) and our
categorical genus identity variable.
Randomized models
The all focals models used all available focal plants to estimate coefficients of interest, but were
problematic for multiple reasons. First, as mentioned above, many plots contained more than one fo-
cal plant, and these focal plants contributed to each other’s neighborhood calculations. Second, focal
plants could occur anywhere within the study plot (even along plot edges) and as we did not have stem
location data, we could not reliably exclude these plants.
To ensure that our results were not a function of these sources of variation, we used a randomised
model approach to establish null expectations for growth rate correlations (similar to Dwyer et al.
2010c; Mitchell-Olds 1987). Growth rates for focal trees within each plot were randomly swapped
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1,000 times, and then modelled using the same structure as the all focals models. We used the stan-
dardised slope estimates from these 1,000 models to generate an expected distribution of slope values.
These were compared to the observed slope estimates by calculating the probability that the observed
slope fell within the Gaussian null distribution. This procedure was conducted separately for the genus
model and the genus moisture model (using the same set of random data).
For the genus model, if the slope estimates for one genus differs from expectation, but the other
either doesn’t, or differs in the opposite direction, it suggests that genus is a proxy for some uncap-
tured life history traits that mediate the relationship between a fixed effect and plant growth rate. In
the genus moisture model, there are two effects of interest. The first is where a fixed effect for one
genus deviates from expectations in opposite directions in dry and moist conditions. This suggests
that abiotic conditions (i.e. moisture) mediates the relationship between the fixed effect and growth
rate. The second is where the two genera show different deviations from expectations across moist
and dry conditions. This suggests that uncaptured life history traits and abiotic conditions interact
together to mediate the relationship between a fixed effect and growth rate.
Model comparison
All models were fit using maximum likelihood and compared using AIC (Akaike 1974) and likelihood
ratio tests. We also calculated pseudo-R2 values and estimated the proportion of variance in growth
rate explained by each model (as per Nakagawa & Schielzeth 2013). We compared the observed
slopes in all focals models to expectations generated using the randomised models by calculating the
probability that the observed slope fell within the expected slope distribution, with the assumption that
the expected distribution was Gaussian.
4.3 Results
The inclusion of genus universally improved the variance explained by our all-focal and random-
subset models (Table 4.2). We also found relationships between relative growth rates and some of our
predictors that differed from expectations for both genera, including functional traits and neighborhood
variables (Fig. 4.2-3; Table S4.7-8).
4.3.1 Climate and focal plant traits
Our expected relationships with growth rate highlighted several plot-level trends: we expected in-
creased solar radiation to have a weak negative effect on growth rate, tree age to have a strong negative
effect, and for plot area to have a slightly positive effect (Figure 4.2a). The observed relationships for
moisture availability and solar radiation did not strongly deviate from expectations, except for Acacia,
which showed a stronger negative relationship (Fig. 4.2a: Table S4.4,7). For Acacia plants, tree age,
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and all focal plant functional traits excluding wood density, showed different relationships to expec-
tations (Fig. 4.2a; Table S4.4,7). These slopes accord with faster growth in younger Acacias, shorter
Acacias and Acacias with higher SLA. In contrast, most relationships identified for Eucalyptus were
similar to, or weaker than, expected (Fig 4.1a: Table S4.4,7).
4.3.2 Neighbour density and diversity
Expectations for the relationship between neighbour density and growth rate were strongly negative,
and we expected the proportion of intraspecific neighbours to have no effect on focal plant growth (Fig
4.2b). Acacia showed stronger negative relationships than expected to both variables, with slower
growth in neigbourhoods with more plants, and in neighbourhoods with a greater proportion of in-
traspecific plants (Fig 4.2b, Table S4.4,7). Eucalyptus contrasted with this, showing a slightly less
negative relationship with neighbour density than expected; the effect of intraspecific neighbours on
Eucalyptus growth was in line with expectations (Fig 4.2b, Table S4.4,7).
Expectations for all diversity variables were close to zero. We found that most observed relationships
were the same as, or similar to, expectations. We did identify marginal evidence that Acacia plants
grew slightly faster than expected in neighbourhoods with greater richness and functional evenness
(Fig 4.2c, Table S4.4,7).
4.3.3 Interactions with moisture availability
The addition of three-way interactions between genus, moisture availability and the other predictors
explained more variance than simpler two-way interactions (Table 4.2). We also found a number of
growth rate relationships that were mediated by, or altered by, moisture availability.
Almost all relationships between Acacia growth rate changed in magnitude over the studied mois-
ture gradient. The effect of plant age, wood density, and neighbourhood density and diversity were
stronger in mesic conditions than dry conditions (Fig. 4.3: Table S4.6,8). The reverse was true for the
effect of solar radiation and the proportion of intraspecific neighbours (Fig 4.3). We found only maxi-
mum height and SLAmaintained a similar slope with Acacia growth rate across the moisture gradient.
Relationships between Eucalyptus growth rate and neighbourhood density and diversity were sim-
ilar in mesic and dry conditions (Fig. 4.3). The only Eucalyptus relationships with strong changes
were plant age and functional traits. In mesic conditions, shorter Eucalyptus trees with softer wood
grew faster than in dry conditions, where taller species grew faster, and wood density had little effect
(Fig 4.3). There was also some evidence that SLA had a positive effect on Eucalyptus growth rate in
more mesic conditions. We also found that growth decreased with age more slowly in mesic than dry
conditions (Fig 4.3).
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Table 4.2: Comparison of models of Eucalyptus and Acacia growth (all focal plants). The intercept model
contained only an intercept term. ‘No genus’ and ‘genus’ models contained the additional predictors outlined
in Table 4.1. The ‘genus model’ also included the two-level genus factor (Acacia vs Eucalyptus), as well as
interactions between genus and the other predictors. Extending on these base models, two additional models
were fit with interactions interactions between moisture availability and all other predictors. Results for the
‘genus model’ and ‘genus moisture model’ are illustrated in Figs. 4.2 and 4.3 respectively.
AIC from Pseudo-R2
Model name AIC Null model Genus model Marginal Conditional
Intercept model -17116.76 - - 0.000 0.544
No genus model -17223.28 -106.52 - 0.174 0.540
Genus model -17345.33 -228.57 - 0.190 0.530
No genus moisture model -17234.75 -117.99 - 0.201 0.544
Genus moisture model -17481.06 -364.30 -135.73 0.217 0.547
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Figure 4.2: Slope estimates for climate, focal plant traits, neighbourhood density and neighbourhood diversity
variables from models of growth rate for Eucalyptus and Acacia focal plants. Points are partial slopes from
models fitted to all focal plants. Rectangles represent the 95% expectations from 1,000 models where growth
rates were randomly swapped between focal plants within each plot. Where observed slope estimates do not
overlap with this space, the observed slope was likely to be different from expectations (Table S.7).
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Figure 4.3: Slope estimates for interactions between moisture availability and other fixed effects on Eucalyptus
and Acacia growth rate. Points represent the observed slope estimates (O) in dry and mesic locations, predicted
using the 10th and 90th quantile of moisture availability in our study data (0.27 and 0.76 respectively, where
a value of 1 represents a balance between mean annual rainfall and mean annual potential evapotranspiration).
Rectangles represent the 95% expectations (E) from 1,000 models where growth rates were randomly swapped
between focal plants within each plot. Solid rectangles are expectations in mesic conditions, dashed rectangles
in dry conditions. Where observed slope estimates do not overlap with this space, the observed slope was likely
to be different from expectations (Table S4.8).
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4.4 Discussion
Despite commonly co-occurring across large gradients of productivity and moisture availability, we
found that the effect of some drivers of growth rate differed between Acacia and Eucalyptus. These
drivers included abiotic conditions, functional traits and neighbourhood density and composition.
While trait-growth relationships changed for both genera across the moisture availability gradient
(though sometimes in different ways), we found that moisture availability altered the effect of neigh-
bourhood density and diversity on Acacia growth rate much more strongly than Eucalyptus growth
rate. A number of these effects have been identified in Acacia and Eucalyptus before, but our study
contains many more species than previously examined (e.g., Atkin et al. 1998; Piotto 2008), and
spanned the majority of each genus’ range, as well as large gradients of productivity, moisture avail-
ability and stand age.
Our findings accord with other recent work showing that, despite overarching relationships between
functional traits and growth-rate, community-scale relationships can be strongly influenced by the
abiotic and biotic context (e.g., Iida et al. 2014; Zambrano et al. 2017). Our results extend this work,
suggesting that the direction of these influences can differ based on evolutionarily-conserved aspects
of life-history that are not captured by commonly-measured functional traits, even between hyper-
diverse genera with wide and overlapping distributions.
4.4.1 Relationships with climate variables
We found only weak evidence that growth rates of our two study genera were directly correlated with
moisture availability and solar radiation. This is likely because of trait coordination across the en-
vironmental gradient in our study system. As our plantings were composed of local species, these
species would likely have had trait values that were matched to local environmental conditions. De-
spite this, we did find that Acacia growth rate was sensitive to increased solar radiation. While light
availability is a limiting factor for plant growth, in low-rainfall areas, solar radiation can exacerbate
moisture stress. In the genus moisture model, the negative relationship between Acacia growth rate
and solar radiation was only observed in dry conditions, which accords with this explanation.
The weak main effect of moisture availability was unexpected, as rainfall is a known correlate of
growth rate (Huxman et al. 2004). Instead, moisture availability mediated a number of other relation-
ships, including functional traits correlated with physiological adapatations that are in turn linked to
increased performance in particular conditions (e.g., SLA and wood density).
4.4.2 Relationships with functional traits
In the genus model, we found that our three functional traits were not related to Eucalyptus growth
rates at the relatively early life stages examined in this study. Instead, we found that these zero re-
lationships were averages of effects that changed based on moisture availability. Eucalyptus trees
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had zero and weak relationships with SLA, wood density and maximum height in dry conditions, and
stronger relationship in mesic conditions. In mesic conditions, the effect of SLA and wood density
on Eucalyptus growth rate accords with global meta-analyses: trees with higher SLA and lower wood
density grow faster (Chave et al. 2009; Gibert et al. 2016). This was also true of taller Eucalyptus
trees in dry conditions, but the effect was reverse in mesic conditions, where shorter trees grew faster.
A global meta-analysis found a positive effect of maximum height only in adult trees; the Eucalyptus
trees in our study are still immature, which may explain our variable results.
Acacia also showed the expected positive relationship with SLA, and this persisted across dry and
mesic conditions. Australian Acacia species are distinctive in their production of phyllodes (flat-
tened, photosynthetically active petioles) instead of, or alongside, their true bi-pinnate leaves (Maslin
et al. 2003). All Acacias grow true leaves as juveniles, which is hypothesised to enhance early growth
rate; more mature individuals of many Acacia species (86% of our 43 Acacia species), however, only
produce phyllodes. This strategy may provide greater protection from solar radiation and moisture
stress in dry conditions (Yu & Li 2007). Wood density had very little effect on Acacia growth rate
in dry conditions, but a strong negative effect in mesic regions. This runs counter to global expecta-
tions (Chave et al. 2009), but may reflect a moisture stress mechanism. Evidence of a similar positive
wood density-growth relationship has previously observed been in mangroves with successive cam-
bia, which the Acacia family (Fabaceae) also have (Santini et al. 2012). Maximum height of Acacia
species had a consistent negative effect on growth rate regardless of moisture availability, which we
suggest is related to plant architecture: short Acacias have spreading habits and may grow faster
than small trees due to their larger cross-sectional stem area, which supports faster production of new
branches and leaves (Götmark et al. 2016).
4.4.3 Neighbourhood effects
Our study offers unique insights into the growth rate of commonly co-occurring genera growing in
neighbourhoods with different densities of con- and hetero-specifics from a number of different fam-
ilies. We found that in dry conditions, Acacia growth rate was affected more by conspecific relative
abundance than overall neighbourhood density, but was much more sensitive to overall neighbour
density in mesic conditions. Strong intraspecific competition may be a reflection of slow rates of self-
thinning, which has been found to occur in high-density stands of competitively-suppressed stems in
some Acacia regrowth (Dwyer et al. 2010a). In our study, Acacia plants in mainly intraspecific neigh-
bourhoods not only grew more slowly, but were smaller in overall biomass (after correcting for age:
Table S4.9). This suggests that slow self-thinning may be a more general feature of Acacia.
In contrast, Eucalyptus growth rate was less affected by neighbour density than expectations, and did
not correlate with relative abundance of conspecifics, regardless of moisture availability (Fig. 4.2b,
4.4b). This may be due to indirect facilitation reducing the intensity of competition, as grass cover
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can have a strong suppressive effect on seedling growth in regrowing forests (e.g., Elgar et al. 2014;
Sobanski &Marques 2014). In these conditions, increased woody plant density may have reduced the
net effect of grass competition in Eucalyptus trees (Li & Wilson 1998).
4.4.4 Implications for restoration
In order to plan successful restoration plantings, practitioners need to understand how selected species
will grow together over time. We show that for Acacia and Eucalyptus, the traits of focal plants and
neighbourhood characteristics have consistent effects on growth within each genera, but contrasting
effects between the genera.
Eucalyptus and Acacia are core components of Australian forests and woodlands, and are important to
both Australian restoration efforts, and forestry globally, thus our results have potentially broad appli-
cation. Our results suggest that productivity in Acacia-dominated plantings may be low, especially as
they age. This has been shown previously in dense Acacia-dominated regrowth (Dwyer et al. 2010a),
but our results suggest it may be amore general phenomenon forAcacia in drier conditions. Our results
suggest that long-term productivity requires a mixture of other genera (including Eucalyptus) planted
alongside Acacia, especially in mesic regions. This serves to reduce intraspecific competition, but
also because we found that Acacias in diverse neighbourhoods may grow slightly faster. In contrast,
Eucalyptus showed no strong responses to neighbour density and composition. Eucalyptus appeared
to tolerate intraspecific competition better than Acacia, which suggests that at least in young plantings,
overcrowding of Eucalyptus plants may be less of a concern than in Acacia-dominated plantings. That
being said, crowding may become a problem as Eucalyptus, especially taller species, grow larger and
canopies and root zones overlap (e.g., Jones et al. 2015).
Our results accord with other research suggesting that functional traits are a useful tool for restoration
design and monitoring (Laughlin et al. 2018; Rosenfield &Müller 2017), but our findings suggest that
relationships between traits and plant growth can be mediated not only by abiotic conditions, but also
by other species- and genus-specific factors. It is important to note that even the older plantings in
our study are immature, and the relationships between growth rate and focal plant traits (Gibert et al.
2016) and neighbourhood (Lasky et al. 2014) are likely to change as plants mature.
4.4.5 Conclusions
Our study provides valuable insights into how trait-growth and neighbourhood-growth relationships
differ for two distinct but commonly co-occurring genera of importance to restoration and forestry
planting worldwide. We found that growth of Acacia and Eucalyptus species related differently to
functional traits, and were sensitive to different aspects of the local environment, at least across the
range of environments studied here. It is important to note that our study relied on species-mean
trait values, as well as several assumptions in calculating growth rate that may have influenced our
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results. Despite this, the observed relationships were consistent for a large number of species and
across considerable variation in moisture availability, and may reflect general patterns for Acacia and
Eucalyptus. The different growth responses of Eucalyptus and Acacia to neighbourhood conditions
can directly inform restoration design, while the contrasting relationships for some functional traits
highlight the need to account for evolutionary history when selecting species for restoration.
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Chapter 5: Comparing conservation and climate change benefits
of reforestation plantings and natural regrowth in an agricultural
landscape
5.1 Introduction
Agricultural development has resulted in profound landscape transformations, particularly the replace-
ment of existing vegetation with cropland and pasture (Vitousek et al. 1997). Restoring some natural
vegetation on cleared land can provide measurable benefits to highly-transformed systems, particu-
larly in increasing the levels of ecosystem functions and services (Foley et al. 2005; Loreau et al.
2001). Two potential benefits are the conservation of biological diversity and carbon sequestration
in woody biomass to mitigate climate change (Barral et al. 2015; Fensham & Guymer 2009; Jordan
et al. 1988; Mansourian & Vallauri 2014). In order for these benefits to be fully realised and persist
over time, projects restoring natural communities need to mature into resilient, self-perpetuating com-
munities (Dixon et al. 1994).
Predicting if restored plant communities will become self-sustaining over time is a challenge, particu-
larly in forests and woodlands, because even the oldest reforestation projects are immature relative to
mature vegetation, and their development trajectories are still largely unknown (Brudvig et al. 2017;
Ngugi et al. 2011). In addition, while definitions of success in restoration vary (Ruiz-Jaen &Mitchell
Aide 2005), young projects often fail to meet growth and structural targets (Suding 2011; Suding et
al. 2004; Wilson et al. 2011). Complete failure of restoration projects can result in the community
collapsing into an alternate state that may be difficult to reverse (Suding et al. 2004). The resulting
community may also be of far lower conservation and carbon value than if the project were successful:
for example, a forest community that degrades into a state dominated by invasive grasses and forbs
(Spracklen & Righelato 2016; Vitousek 1991). To avoid this, management guidelines for reforestation
for restoring biodiversity suggest that projects should maximise plant diversity and recruitment (Lamb
et al. 2005; McDonald et al. 2016), and avoid structural simplicity (Lindenmayer et al. 2016).
Incorporating these management guidelines into active restoration involving planting or seeding can
be expensive and labor-intensive (Birch et al. 2010; Holl & Aide 2011). There is evidence that man-
aging naturally regenerating forests (‘natural regrowth’) may improve restoration outcomes relative to
active restoration (Crouzeilles et al. 2017; Jones et al. 2018; Meli et al. 2017), and be more econom-
ical (Birch et al. 2010; Evans et al. 2015) (at least in initial costs (Zahawi et al. 2014)). A potential
reason for sub-optimal outcomes in active restoration is that only a subset of species from the commu-
nity species pool are included, and choosing very similar species, or omitting species with important
functional roles, may result in a system vulnerable to collapse or invasion (Mouillot et al. 2011). To
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address this, recent methods for designing restoration assemblages have incorporated the use of func-
tional traits (e.g., Laughlin 2014).
Functional traits are measurements made on species and individuals that correlate with underlying
physiological processes (Violle et al. 2007); they are useful for quantifying the function of communi-
ties, and high functional diversity has been linked to the provision of ecosystem functions and services
(Roscher et al. 2012). Traits can also be useful to identify missing ecological strategies and to assess
the level of functional redundancy in a community (Cadotte et al. 2011). Generally, high functional
redundancy, where a community has several species with similar traits, can limit reductions in ecosys-
tem functions from local extinctions (Fonseca & Ganade 2001), although there is evidence that rare,
specialist species provide important functions that may be lost if they are missing from communities
(Mouillot et al. 2011; Mouillot et al. 2013).
For measures of functional diversity to be applicable to restoration outcomes, they need to be mea-
sures of ecosystem functions and species’ ecological strategies that are meaningful to the growth and
persistence of the restored community (Cadotte et al. 2011). Recruitment limitation has been high-
lighted as a potential driver of suboptimal restoration outcomes (Monie et al. 2013; Suding 2011). In
particular, seed dispersal by animals is an ecosystem function of high conservation concern, as the
mutualism between plants and dispersers is vulnerable to disruption (Ruxton & Schaefer 2012). As
well as this, the functional diversity of traits related to growth strategy, stress tolerance and maximum
carbon storage (e.g., specific leaf area, wood density and maximum height: Gibert et al. 2016) may
be important for maintaining community biomass and carbon stocks over time (Häger &Avalos 2017).
It remains unclear whether passive and active restoration can provide similar conservation and car-
bon benefits in agricultural landscapes, and whether these benefits will be realised in the long-term.
Restoration ecology research, even from relatively well-studied regions, has only compared passive
and active reforestation on very short time-scales (e.g., Morrison & Lindell 2011). In this study, we
compared naturally regrowing vegetation (’regrowth’) and planted reforestation stands (’plantings’)
to mature vegetation (’remnant’) in a transformed agricultural region. We compared these vegetation
types in terms of biomass accrual over time, distribution of plant sizes, and functional diversity of
traits related to seed dispersal and growth. We used differences between vegetation types to draw
conclusions about the potential magnitude and persistence of carbon and biodiversity benefits of each
vegetation type. Specifically, we asked:
(1) do natural regrowth and planted forests have similar trajectories of biomass accrual over time, and
how does their standing biomass compare to remnant vegetation?,
(2) do regrowth, plantings and remnant forest have similar plant densities and size class distributions?,
and
(3) do regrowing and planted forests contain similar levels of diversity, and are all plant functional
groups from remnant vegetation represented in planting and regrowth stands?
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Even the oldest regrowth and plantings studied were likely to have lower biomass than remnant veg-
etation, as tree species in these regrowing stands are likely still in a biomass acquisition phase. De-
spite this, we expected similar biomass accrual trajectories for young plantings and regrowth, as early
primary productivity may be restricted more by abiotic conditions than by establishment type. Com-
pared with regrowth, we predicted that plants in plantings would be more similar in size, as most plants
would have been planted in a single event (Morrison&Lindell 2011). In regrowth, we expected higher
densities of small plants in young plots, but not in older plots, due to effective self-thinning due to
competition (Coomes &Allen 2006; Westoby 1984). However, there is evidence that some vegetation
types in our study region may not effectively self-thin (Dwyer et al. 2010a). We expected regrowth to
have high representation of plant functional groups with small seeds and good dispersal abilities, par-
ticularly animal-dispersed seeds (Takahashi & Kamitani 2004), and functional groups with colonising
growth strategies (Shoo et al. 2016). For plantings, we expected functional group diversity to be a
subset of that found in remnants, as species choice should reflect reference site diversity, but may be
artificially constrained (e.g., by seed or tubestock availability) (McDonald et al. 2016).
5.2 Methods
5.2.1 Study region
All forest stands were located in South-east Queensland, Australia (Fig. 5.1), 150-200 km north-west
of Brisbane, across the boundary of two biogeographic regions: South-east Queensland and Brigalow
Belt South (Thackway & Cresswell 1995). This region is sub-tropical by latitude, and abridges the
Great Dividing Range. Coastal areas receive over 1000 mm annually, while the western side of the
range receives c. 500-750 mm (Fig. 5.1: Lloyd 1984). Land clearing has occurred in South-east
Queensland since settlement in the early 1800s, but accelerated in the 1940s and 50s (McAlpine et al.
2002). Only an estimated 40% of the original vegetation cover in our study region remains (Wilson
et al. 2002).
Pre-clearing vegetation consisted mainly of forests and woodlands with an open canopy of 20 – 30 m
tall sclerophyllous tree species (Lucas et al. 2014), particularly Corymbia citriodora, C. trachyphloia,
Eucalyptus crebra and E. pilularis. Understories contained a mixture of shrub species, including
Geijera parviflora and a number of nitrogen-fixing Acacia species (such as A. leiocalyx and A. dis-
parrima). Study sites occurred across three major geologies: loamy and sandy plains (Tertiary and
early Quaternary), and soils derived from acid-volcanic (primarily Mesozoic and Proterozoic granite)
and metamorphic (Permian and older) bedrock (Queensland Herbarium 2018). These geologies were
classified into ‘land zones’ using Queensland’s Regional Ecosystem Framework (Wilson & Taylor
2012) (Table S5.1).
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Figure 5.1: Distribution of sampled forest stands across the study region of South-east Queensland, Australia,
divided into four categories (remnant, plantings, and young (≤ 20 years) and old regrowth (> 20 years)). All
sites occur within 120 km of each other. Some site locations occur very close to each other, and have been
moved slightly on the map. Environmental conditions across the four forest stand categories are shown in Fig.
S5.1
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5.2.2 Forest inventory data
The data used in our studywere collected from sample plots in stands of three different vegetation cate-
gories: uncleared vegetation (‘remnants’: 84 plots in 22 stands), environmental reforestation plantings
(‘plantings’: 44 plots in 16 stands), and naturally regrowing forest (‘regrowth’: 73 plots in 25 stands).
Planting and regrowth stands were all on ex-agricultural pasture that was forest or woodland prior to
being cleared for farming. Age of planted stands (time since planting) ranged from five to 13 years
(mean = 7.91, SD = 2.30); time since site abandonment for natural regrowth stands ranged from four
to 71 years (mean = 24.21, SD = 18.95). Plantings were established from tubestock using multiple
native species, and were planted for ecological restoration, or for alternate purposes such as carbon
sequestration. Data were collected by two not-for-profit organisations: Greening Australia (9,299
plants in 198 plots) and Greenfleet (37 plants in three plots).
Sample plot sizes varied, but were on average 625 m2 (SD = 39 m2). Plots contained an average
of 46 plants (SD = 22.28, minimum of 12 plants), which were identified to species (87.9%) or genus
(12.4%): across all plots, 9.2% of plants were dead at time of measurement. In total, the study plots
contained stem diameter measurements on 9,336 individual plants from 68 species, 30 genera and 20
families.
Diameter measures on all plants within each plot were taken during plot surveys, either at breast-
height (130 cm above the ground), 50 cm or 10 cm. All stem diameters from multi-stemmed shrubs
and trees were combined and expressed as a single-stem diameter (as per Paul et al. 2013a). Above-
ground biomass (herein ‘biomass’) of each plant was estimated from stem diameter using species or
life-form specific allometric equations (Paul et al. 2013a).
Our study included four continuous functional traits, calculated as mean values for each species: spe-
cific leaf area (SLA; mm2 g-1), wood density (g cm-3), seed mass (mg) and maximum height (m).
These traits were chosen as they are commonly available for a large number of species, and corre-
late directly with relative growth rate (SLA and wood density), represent size at maturity (maximum
height), or affect dispersal distances and early growth and survival (seed mass) (Gibert et al. 2016;
Perez-Harguindeguy et al. 2013). While we recognise that functional trait values can differ between
populations, and even individuals of a species, estimating intraspecific trait variation was beyond the
scope of our study. Functional trait values were obtained from the TRY plant database (Fonseca et al.
2000; Green 2009; Kattge et al. 2011; Onoda et al. 2011; Pierce et al. 2013; Poorter et al. 2009; Ship-
ley 2002) and Australian state herbarium records.
In addition to these continuous traits, we also included two categorical traits: nitrogen fixation (bi-
nary) and seed dispersal category. We used the dispersal syndromes outlined in Jurado et al. (1991) to
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group species into four seed dispersal categories: wind-dispersed (seed shape that increases wind re-
sistance), fleshy (obvious flesh, or bird-attracting arils), elaisome (ant-attracting arils), and unassisted
(none of the above features).
5.2.3 Data analysis
All data processing and analyses were conducted in R (R Core Team 2017).
Comparison of community attributes
We compared three basic community attributes (plot biomass, plant density and species richness)
across four stand categories: remnants, plantings, young regrowth (≤ 20 years) and old regrowth (>
20 years). We calculated plot biomass by summing the biomass estimates for all plants in each plot,
and dividing the total by plot area (expressed as t ha-1). Plant density was calculated by summing the
number of plants in each plot and dividing by plot area (plants ha-1). We rarefied species richness
of woody plants to account for unequal plot sizes and plant numbers (n = 12: rarefy function, vegan
package (Oksanen et al. 2016)). Dead plants were excluded from rarefaction, and genus identifica-
tions were counted as a single additional species. We used linear mixed-effects models to account for
spatial autocorrelation, fitting random intercepts to each land zone and stands within each land zone,
and used stand category as the only fixed effect. We then used generalised linear hypothesis testing
(glht function, multcomp package (Hothorn et al. 2008)) to estimate pairwise differences between
stand categories.
Biomass acquisition model
To investigate differences in biomass between stand categories in more detail, we modelled biomass
of planting and regrowth forests as a function of stand age: time since planting for planted stands,
and time since abandonment for regrowth stands. We excluded remnant plots from this model, and
young and old regrowth plots were combined into a single ‘natural regrowth’ category. We used a
linear mixed-effects model, fit with random intercepts (as above), and three fixed effects: stand age
(years), stand age2 (a quadratic term for possible non-linear trends) and stand category (planting or
natural regrowth). We allowed the age terms to interact with stand category in order to estimate the
effect of age on biomass separately for plantings and regrowth.
Size class distribution model
To compare differences in plant density across different size classes, we binned the ln-transformed
biomass of plants in sample plots into twenty equal-sized bins. This gave us an abundance of each
size class in each plot and we divided these size class abundances by plot area to adjust for different
64
plot sizes. This converted size class abundances into size class densities (plants ha-1). We used these
size class densities as the response variable in two generalised additive mixed-effects models (gamm
function, gamm4 package (Wood & Scheipl 2014)), treating size class as a continuous fixed effect
(using the center of each size class) and fit with random intercepts (nested intercepts fit to land zones,
stands, and plots within stands). First, we estimated the mean probability of occurrence for each size
class in each stand category. We gave all non-zero densities a value of one, and modelled this binary
response variable using binomial errors and a logit link function. The second model included only
non-zero densities (i.e. the size-class densities excluding absences) and was fit with Gaussian errors
and an identity link function. Combined these models reflect a hurdle model. We estimated the rela-
tionship between the response variable and size class in both models using cubic regression splines
(with a maximum of six knots), along with stand category (four categories: planting, young regrowth,
old regrowth and remnant), fitting different splines to each stand category.
Species and functional group richness
Finally, we examined differences in plot richness by comparing the mean plot richness of different
functional groups of woody plants in each stand category. We categorised species into two sets of
functional groups using species-level traits linked to particular functions: capacity for seed dispersal,
and growth strategy. Seed dispersal capacity was approximated using seed mass and seed dispersal
category. Growth strategy was estimated using three functional traits linked to relative growth rate:
SLA, wood density and maximum height (Gibert et al. 2016), as well as a binary nitrogen fixation
category.
We created each set of functional groups using the process outlined in Laliberté et al. (2010): we
calculated distances between species in trait space using Gower dissimilarity (gowdis function, FD
package (Laliberté et al. 2014)), and then grouped species based on distance using Wald’s minimum
variance clustering (hclust function). This function returns a dendrogram, with species with low dis-
similarity clustered together. We then split these species into eight functional groups, with each group
consisting of clusters of species: this corresponds to a Wald’s distance of 0.3 and 0.5 for the seed and
growth functional groups respectively.
To model differences in functional group richness between stand categories, we used generalised lin-
ear mixed-effects models with negative binomial errors and a log link function, which accounted for
over-dispersion. Our response variable was functional group richness, and we fitted the model with
two categorical fixed effects: functional group and stand category, allowing for interactions to esti-
mate mean plot functional group richness separately for each stand category. Plot area was added to
both models as a continuous covariate to correct for differences in functional group richness between
small and large plots. Nested random intercepts were estimated for land zones, stands within land
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zones, and plots within stands. We extracted model estimates and 95% confidence intervals for plot-
ting, and tested for significant differences in functional group richness between remnant plots and the
other three categories using generalised linear hypothesis testing (glht function, multcomp package
(Hothorn et al. 2008)); this test identified functional groups that were significantly over- or under-
represented in regrowing forests in our study region. We conducted this process twice: once using the
seed dispersal functional groups, and once using the growth strategy functional groups.
5.3 Results
5.3.1 Comparison of community attributes
Community attributes varied substantially between different stand categories. Remnant plots con-
tained significantly greater species richness than plantings, young regrowth and old regrowth, higher
biomass than plantings and young regrowth, and greater plant density than plantings (Fig. 5.2: Table
5.1). Young and old regrowth had higher above-ground biomass than plantings, and young regrowth
also had higher plant density than plantings (Fig. 5.2: Table 5.1).
5.3.2 Biomass acquisition model
Stand age was a strong positive predictor of biomass in regrowing forests, with a significant negative
quadratic term for regrowth that suggests biomass acquisition begins to slow after 30 years (Fig. 5.3:
Table S5.2). Above-ground biomass of regrowth plots older than 30 years did not appear to be different
to the mean above-ground biomass in remnant plots (Fig. 5.3). The age range of plantings in our
study was relatively restricted (the oldest being 13 years old), but biomass of plantings was similar to
regrowth of the same age (Fig. 5.3).
5.3.3 Size class distribution model
All remnant plots were likely to contain plants between 2 kg and 1000 kg, with lower probabilities of
occurrence for sizes outside these values (Fig. 5.4b). This was similar to the probability of occurrence
in both regrowth categories, though younger regrowth was less likely to contain plants larger than c.
100 kg (Fig. 5.4a-b). No planting plots contained plants larger than 300 kg, and were far less likely
to contain very small plants (< 40 kg) than similarly-aged regrowth.
When we excluded empty size classes and modelled the density of each size class, we found that
remnants contained c. 100 plants ha-1 with biomass between for plants between 3-300 kg plant-1 (Fig.
5.4d). Older regrowth was similar to remnants in density across the range of size classes (Fig. 5.4d).
Young regrowth contained far higher average density of small plants (biomass 3-80 kg plant-1) than
the other stand categories, especially plantings, which had a far lower average density of plants smaller
than c. 40 kg (Fig. 5.4c).
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Figure 5.2: Basic community attribute comparison between different forest stand categories. Regrowth was
divided into young (≤ 20 years) and old (> 20 years) regrowth. Background points are estimates for individual
plots, black points are group means estimated from mixed-effects models. Error bars are 95% confidence inter-
vals. Statistical comparisons between forest stand categories are shown in Table 5.1. Note that y-axes are on a
log scale.
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Table 5.1: Summary of generalised linear hypothesis tests comparing basic community attributes between forest
stand categories.
Response variable Stand category comparison
Esti-
mate
SE t-value p-value
Biomass Planting - Remnant -1.800 0.210 -8.577 < 0.001
Biomass Young regrowth - Remnant -1.142 0.213 -5.369 < 0.001
Biomass Old regrowth - Remnant -0.523 0.246 -2.130 0.142
Biomass Young regrowth - Planting 0.658 0.230 2.861 0.022
Biomass Old regrowth - Planting 1.276 0.261 4.892 < 0.001
Biomass Old regrowth - Young regrowth 0.618 0.263 2.349 0.086
Plant density Planting - Remnant -0.850 0.218 -3.898 0.001
Plant density Young regrowth - Remnant 0.254 0.222 1.144 0.660
Plant density Old regrowth - Remnant -0.358 0.256 -1.399 0.497
Plant density Young regrowth - Planting 1.105 0.238 4.643 < 0.001
Plant density Old regrowth - Planting 0.493 0.269 1.830 0.257
Plant density Old regrowth - Young regrowth -0.612 0.273 -2.243 0.111
Rarefied plot richness Planting - Remnant -0.509 0.107 -4.768 < 0.001
Rarefied plot richness Young regrowth - Remnant -0.467 0.108 -4.333 < 0.001
Rarefied plot richness Old regrowth - Remnant -0.770 0.126 -6.132 < 0.001
Rarefied plot richness Young regrowth - Planting 0.042 0.116 0.363 0.983
Rarefied plot richness Old regrowth - Planting -0.261 0.132 -1.973 0.196
Rarefied plot richness Old regrowth - Young regrowth -0.303 0.135 -2.250 0.109
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Figure 5.3: Biomass of regrowing forests (natural regrowth and plantings) over time. Planting growth was
positive and linear, while regrowth had a significant negative quadratic term that slowed biomass growth over
time (Table S5.2). Mean remnant biomass was taken from models shown in Fig. 5.2; remnant patches do not
have an age since abandonment or planting, and are included in the plot for visual comparison to the modelled
trajectories for regrowth and plantings.
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When small plants (< 40 kg) in planted and young regrowth plots were grouped into the eight growth
strategy functional groups (see section 5.2.3), most were recruits of common canopy trees (group 6),
and some common nitrogen-fixing shrubs (group 7) (Fig. 5.5). Regrowth plots contained greater num-
ber of small plants in all functional groups, including canopy trees and shrubs (Fig. 5.5). In addition,
four common species were well-represented in regrowth tree recruits (group 6), whereas most recruits
in planted plots were Corymbia citriodora (Fig. 5.5).
5.3.4 Species and functional group richness
We found that plantings contained at least one species of all seed dispersal groups, except for extremely
large (> 10 g dry weight), unassisted seeds (group 8: Table 5.2, Fig. 5.6a). Old regrowth plots also
contained no species from group 1, which were plants with small, wind-dispersed seeds (Table 5.2).
On average, plantings contained significantly fewer species with small fleshy seeds (group 4: Table
5.2) than remnant plots (Fig. 5.6a, Table S5.6). Young and old regrowth plots contained fewer species
of this group than remnant plots, but the difference was not significant (Fig. 5.6a, Table S5.7). Group
4 consisted of species with obvious fruit and seeds containing red or yellow arils that are attractive to
birds (Table 5.2), and were a mixture of trees and shrubs (Table S5.5).
Plantings and natural regrowth included species from almost all growth and structure functional groups;
the only missing groups were non-nitrogen-fixing shrub species (group 2: Table 5.2) in older regrowth
(Fig. 5.6b: Table S5.5,7). This functional group was far rarer in remnant plots than the nitrogen-fixing
shrub group (group 7: Table 5.2), and was composed of several native species (e.g., Breynia oblongi-
folia) as well as the invasive shrub Lantana camara (which comprised 50% of this group’s presence
in remnant, young regrowth and planting plots) (Fig. 5.6b: Table S5.5, 7). Planting plots contained
significantly fewer species than remnants for one functional groups (group 5: Table 5.2), which were
20-25 m tall trees with higher SLA than the group containing dominant canopy tree species (group 6:
Table 5.2). Species in group 5 included some of the shorter Eucalyptus species (e.g., E. melanophloia),
Angophora and Corymbia, and a mixture of tree species with fleshy fruit (Table S5.5).
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Figure 5.4: Occurrence rate (a,b) and average density (c,d) of plants of given biomass (grouped into 20 size
classes) across four forest stand categories (remnant, plantings, young (≤ 20 years) and old regrowth (> 20
years)). Plants in each plot were grouped into 20 equal-sized ln-transformed biomass bins (‘size classes’), and
used to estimate the probability of occurrence and mean density of size classes distributions using two gener-
alised additive mixed-effects model (see Table S5.3-4); shading behind splines are 95% confidence intervals.
Forest stand categories are split into (a,c) young and (b,d) old stands for visual clarity only: all categories were
modelled together in each model. Note x-axes in all plots and y-axes in (b,d) are on a log-scale.
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Table 5.2: Brief description and example species of functional groupings. Species were grouped by seed mass
and seed dispersal category (‘Seed dispersal’: as per Jurado et al. (1991)), and by specific leaf area, wood
density, maximum height and nitrogen fixation (‘Growth and structure’). See Table S5.6 for group membership
of all study species. Group numbers are used to refer to groups in Fig. 5.5-6.
Functional
groupings
Group
number
Description Example species
Seed
dispersal
1 Extremely light wind-dispersed seeds Allocasuarina littoralis
2 Light wind-dispersed seeds Grevillea robusta
3 Seeds with white, ant-attracting arils Acacia fimbriata
4
Light seeds containing obvious fruit or
bird-attracting arils (red or yellow)
Breynia oblongifolia
5
Medium seeds containing obvious fruit
or bird-attracting arils (red or yellow)
Exocarpos latifolius
6 Extremely light unassisted seeds Eucalyptus tereticornis
7 Light unassisted seeds Angophora floribunda
8 Extremely heavy unassisted seeds Castanospermum australe
Growth
and
structure
1 Soft-wooded understorey trees Glochidion ferdinandi
2 High SLA low-wood density shrubs Alstonia constricta
3 Low SLA, high wood density shrubs Dodonaea triangularis
4
Canopy trees with high SLA and wood
density
Flindersia australis
5
Understorey trees with low SLA and
high wood density
Angophora subvelutina
6
Canopy trees with low SLA and high
wood density
Corymbia citriodora
7
Nitrogen-fixing shrubs with relatively
high wood density
Acacia leiocalyx
8
Nitrogen-fixing shrubs and short trees
with extremely high wood density
Allocasuarina torulosa
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Figure 5.5: The abundance and composition of small plants (< 40 kg) in planted and young regrowth plots.
Species are grouped into the eight ‘growth and structure’ functional groups identified using four functional
traits: specific leaf area, wood density, maximum height, and nitrogen fixation (Fig. 5.6: Table S5.5). Species
that contributed a large proportion of small plants are labeled.
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Figure 5.6: Functional dissimilarity
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(≤ 20 years), red triangles and old re-
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Black bars beside dendrograms repre-
sent the mean trait values of continuous
traits in each group, as a proportion of
the greatest group mean.
74
5.4 Discussion
Our results accord with previous research, suggesting that managing naturally-regenerating regrowth
results in forest stands that provide conservation and carbon sequestration benefits. Our findings also
raise concerns about the persistence of planted reforestation projects over multiple generations, as well
as the functional composition of all regrowing forests in our study region. Regrowing forests, includ-
ing older regrowth, all contained fewer species than remnant plots. Planting plots were less likely to
contain small plants, had much lower average density of both tree recruits and shrub species, and had
lower diversity of mid-storey tree species, and species with fleshy-fruit. Low levels of recruitment,
coupled with lower plot diversity, may make plantings vulnerable to loss of ecosystem functions such
as carbon sequestration. Lower shrub density and diversity of mid-storey trees may lead to lower
structural complexity in planting plots, and fewer fleshy-fruited species may reduce animal resources.
This could reduce the conservation benefits planting plots provide. Overall, our results suggest that
in our study region, natural regrowth offers reforestation with better prospects of long term conserva-
tion and carbon benefits. Excluding the potential effects of natural disturbance, the lack of recruits to
replace senescing plants suggests that the carbon sequestered as biomass in planted reforestation may
be unstable, and total carbon stocks may decrease over time.
5.4.1 Biomass, growth and carbon storage
Despite diverging in absolute above-ground biomass (Fig. 5.2a), plantings and regrowth forest appear
to be on the same trajectory of accrual (Fig. 5.3), with older regrowth plots having similar biomass
to remnant plots. The plateauing biomass accumulation in regrowth older than 30 years suggests that
regrowth may mature with less biomass than some remnant plots, but there are likely explanations for
this. Some remnant plots contained large trees (> 1000 kg, see Fig. 5.4b), and plot sizes were generally
small. The presence of one or two large trees in a remnant plot could have resulted in an overestimate
of the remnant patch’s actual biomass; this may have led to the remnant plots with an estimated c. 500
t ha-1 biomass (Fig. 5.3). We suggest that, in our study region at least, regrowth and planted forests are
likely have similar biomass (and therefore carbon storage) at maturity, as the richness of tall, common
functional groups in these stand categories was similar to remnants (Fig. 5.6b). Other studies of
the biomass of planted forests have estimated much longer time-frames reaching remnant biomass,
suggesting that rates of accrual may be vegetation- and region-specific (Wheeler et al. 2016). Time
to peak biomass likely results from complex interactions of available resources (Berner et al. 2017),
system energy (e.g., temperature (Fridley &Wright 2018)), forest canopy height (Wu et al. 2015), and
species-specific life histories and interactions (Fortunel et al. 2016; Zambrano et al. 2017).
5.4.2 Size class distributions
Despite showing similar biomass gains over time, naturally regrowing and planted forests diverged
substantially in the occurrence and mean density of plants in different size classes (Fig. 5.2, 4). Most
apparent was the much lower overall density of trees and shrubs in planted forests (Fig. 5.2a), which
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was primarily due to lower density of shrubs and tree recruits (Fig. 5.4c, Fig. 5.5). The size class in
plantings with the highest average density (Fig. 5.4a: c. 40-90 kg) was equal to densities found in
similarly-aged regrowth plots, but the average density of very small plants (< 20 kg) in regrowth plots
was up to 10 times greater than in planting plots (Fig. 5.4c). We suggest four possible explanations
for this result: (1) a preference for planting trees rather than shrubs, (2) lack of recruitment and seed
dispersal into plantings, (3) high recruit mortality in plantings, and (4) high densities of competitively-
suppressed plants in young regrowth.
Some of these plantings were designed with carbon sequestration as a major objective, and may have
used tubestock mixes that were weighted towards species from tree functional groups, in order to
achieve the canopy height and closure targets for government compensation with minimum planting
effort. We found low numbers of small plants (< 40 kg) from shrub functional groups in planted plots
(Fig. 5.5), and identified that the mean maximum height of plants was greater in planting plots than
remnant plots (Fig. S5.2: Table S5.8), which accords with this explanation.
Low densities of small plants in planted plots could be due to a lack of recruitment, either because
remnant patches are too distant for any meaningful seed dispersal (Matlack 1994), or seed banks of
native species have been exhausted by years of crop or pasture growth (e.g., Middleton 2003). Most
tree recruits in planted plots were from Corymbia citriodora, and we found very low recruit counts
for species commonly recruiting in equal-aged regrowth (e.g., Eucalyptus crebra, E. pilularis, C. tra-
chyphloia and Alphitonia excelsa) (Fig. 5.5), despite planted and remnant plots containing similar
diversity of these functional groups (Fig. 5.5b). Low recruit levels for these other species may be
due to a lack of external seed rain, which means recruitment may be limited until planted trees begin
reproducing (Cunningham et al. 2015).
Even if shrubs were planted, and there was sufficient recruitment, low occurrence probabilities and
densities of shrubs and tree recruits could be due to high mortality rates, either fromweed competition,
grazing from livestock and wild herbivores, or abiotic conditions following planting. Periodic graz-
ing under planted areas is often used by landowners to control weeds, which would certainly result in
mortality of shrubs and tree recruits, and could translate into low densities of small plants in grazed
plots (Prober et al. 2011). Alternatively, this mortality may be due to harsh environmental conditions
experienced immediately post-planting (e.g., Zhang et al. 2002). In natural regrowth, species germi-
nate or resprout at environmentally-optimal times, but this is not the case for most plantings, where
all species are planted in a single event, possibly during unfavorable periods for establishment.
The previous explanations assume that the low density of small plants in planting plots is an issue
for floristic and structural recovery, but the high density of small plants in young regrowth may slow
recovery as well. There is evidence from other vegetation types in our study region that natural re-
growth can form high-density, competitively-suppressed monocultures (Dwyer et al. 2010a). These
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stands do not self-thin effectively, and structural and floristic recovery is slow. While possible, we
believe this is unlikely in our study plots, as older regrowth plots had similar size class distributions to
remnant plots (Fig. 5.4b,d). These results suggest that small plants in young regrowth will eventually
self-thin.
5.4.3 Species and functional group richness
The seed dispersal functional group not represented in regrowth and planting plots (group 8) consisted
of two species with extremely large (> 10 g dry weight) unassisted seeds, Araucaria bidwilli and Cas-
tanospermum australe: these are predominantly rainforest species. Our study region includes several
relic patches of sub-tropical rainforest, such as the Bunya Mountains National Park (located midway
between Dalby and Kingaroy in Fig. 5.1). However, our study did not include any stands from cleared
rainforest, and so the occasional presence of these species in remnant patches may be as relic trees, or
from rare instances of long-distance dispersal.
Planting plots also contained significantly fewer species that produce fleshy fruits. In contrast to
our findings, there is evidence from tropical landscapes that fleshy fruit types are well-represented in
deforested areas (Mayfield et al. 2006). Our study region may be so fragmented that poor connectivity
reduces frugivore travel to regrowth and planting stands, although other Australian research found that
most bird species visited forest plantings (Barrett et al. 2008). Species with fleshy fruit in this region
also tend to be shorter (e.g., shrub species such asGeijera parviflora), which means some species may
have been disproportionately affected by the periodic grazing mentioned above.
In our growth and structure model, the lower representation of shorter tree species with higher SLA
in plantings (group 5: Table 5.2: Fig. 5.6b) may represent a decision by landowners to preference
taller, hardier species (e.g., Eucalyptus species). It may also reflect biases in tubestock availability;
this functional group was less diverse in remnant vegetation than the most diverse tree and shrub func-
tional groups (group 6 and 7 respectively: Table 5.2, Fig. 5.6b). Still, it suggests that, when mature,
the vertical canopy structure in plantings may be less complex than regrowth, which may reduce the
maximum carbon that can be stored as biomass. A simpler structure may also reduce the conservation
benefits gained from structural heterogeneity and cover, particularly in the canopy (Jung et al. 2012).
5.4.4 Implications for conservation and climate change
Our results highlight two major priorities for the long term provision of conservation and climate
change benefits in reforestation: ensuring successful recruitment and recruit survival, and maximis-
ing structural complexity.
We found extremely low densities of shrubs and tree recruits in planted stands, indicative of low
levels of recruitment, or low recruit survival rates. If planted trees and shrubs senesce in the absence
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of sufficient recruitment, the forest could collapse into an alternate state, potentially one with low
conservation and carbon value. Ensuring recruitment and recruit survival may be possible through
exclusion of livestock, alternate weed control methods and follow-up planting. Although this will re-
quire additional effort and investment, our results suggest they are a major priority to ensure long-term
conservation and carbon benefits in planted forests in our study region.
We also found that plantings had lower richness of fleshy-fruited plants and mid-storey trees, which
may impact the conservation benefit of these plantings. Other studies have identified that structural
complexity is important for animal conservation (Ikin et al. 2014), and that planted stands often do
not gain the complexity of uncleared vegetation (Munro et al. 2009). We did not identify issues in
regrowth, and apart from a lower overall richness (attributable to richness of species in an uncommon
wind-dispersed functional group, at least for old regrowth), regrowth in the study region appears to
be on a trajectory towards remnant vegetation (Le Brocque &Wagner 2018). This accords with other
comparisons of active and passive reforestation, suggesting that where possible, regrowth offers cost-
effective opportunities to deliver conservation and carbon benefits in agricultural regions (Crouzeilles
et al. 2017; Jones et al. 2018; Meli et al. 2017).
We cannot predict the future states of the regrowing forests in our study region with our results alone.
Indeed, restoration outcomes are notoriously variable (Suding 2011), and reliably predicting commu-
nity attributes, especially functional and taxonomic composition, is a core challenge of restoration
ecology (Brudvig 2017; Laughlin et al. 2017). What our results can do, however, is identify potential
issues, and we have concerns about the ability of planted reforestation to provide conservation and
climate change mitigation benefits over long time-scales. Our results also highlight the potential ben-
efits of studying the state and trajectory of existing reforestation projects in informing the design and
management of future reforestation action.
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Chapter 6: General discussion
In the previous four chapters, I investigated the potential for restoration to provide benefits to con-
servation and climate change mitigation efforts. Together, the results of this work progress our un-
derstanding of the synergies, challenges and limitations of designing restoration projects to provide
co-benefits. Much of my thesis integrates restoration ecology with modern concepts in community
and functional ecology; as such, my results are also applicable to our understanding of how plant
communities, and the plants that comprise them, function. This chapter provides a general discussion
of the overarching questions proposed in Chapter 1.
6.1 Are carbon sequestration and conservation mutually achievable goals in
ecological restoration?
The consensus from global studies would suggest that, because the observed relationships between
diversity and productivity are predominantly positive, carbon sequestration and conservation goals
are not only mutually achievable, but complimentary (Cardinale et al. 2011; Duffy et al. 2017; Liang
et al. 2016). My results from Chapter 3 contrast with that assumption, suggesting that while diversity
is not deleterious to productivity, the relationships are not necessarily positive. This is an important
distinction, because some recent studies have assumed that a positive diversity-productivity relation-
ship is universal, and rely and extend upon this assumption to provide direction for future restoration
(e.g., Carwardine et al. 2015; Pichancourt et al. 2014).
Chapter 3 only assessed stand-level productivity; ultimately, this productivity is the sum of the growth
rates of individual plants within the community. In Chapter 4, I examined how local conditions, and
decisions made at the planning stage, affected the growth rates of two common, and commonly co-
occurring Australian plant genera. I found consistent differences in how functional traits and the den-
sity and diversity of neighbours affected each genus’ growth rate. These results suggest that decisions
made at the planning stage of restoration, such as component species and seed stock mixes, might
have long-lasting effects on the growth of different species. While this further complicates restoration
decision-making, I show that these effects are similar across substantial portions of two hyper-diverse
genera. This suggests that differences in growth relationships between species is strongly influenced
by evolutionary history, and that taxonomic groupings may be a way to capture some of these differ-
ences in a simple, efficient way that is accessible to restoration planners and managers.
It is difficult to assess whether forest restoration has the potential to store as much carbon as mature
native vegetation, and whether restored forests will persist over time: even old restoration projects are
young compared to uncleared vegetation. In Chapter 5, I compared community attributes of naturally
regrowing and planted reforestation to uncleared forest stands. I found that both natural regrowth and
plantings were sequestering carbon at similar rates, and appear to be on a trajectory to reach similar
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biomass to at least some of the lower biomass uncleared stands. These regrowing forests will need
to be older before we can make more meaningful comparisons. My results from this chapter uncov-
ered some concerns about the conservation benefits of planted forests, and the likelihood that restored
communities will persist over time. Lack of small plants signals low recruitment, or high mortality
rates of recruits, which means that over time, trees in plantings may not be replaced. In addition,
plantings typically excluded, or under-represented, species from functional groups that are important
for conservation: in particular, fleshy-fruited species, and shrub and sub-canopy tree species.
How the carbon sequestration of ecological restoration will be affected by climate change, and how
to integrate restoration projects into protected area networks to promote connectivity, are areas of ac-
tive research. The results of this research will have direct impacts on the performance and success of
restoration projects designed to provide carbon and conservation benefits. Despite this, in Chapter 2
I identified that conservation and climate change biology rarely cite restoration research. We found
some evidence that restoration ecology considers these problems important, but there appears to be
unmet potential to study these problems in concert. I highlight some of the more exciting research
trajectories in Section 6.3 below.
Overall, it appears that even if carbon sequestration and conservation they are not complementary
goals for restoration, they are mutually inclusive. My results provide several suggestions for future
restoration planning. Different genera may react to local conditions differently, and our results provide
direction to managers on how to plan for the growth of two common Australian genera: Eucalyptus
and Acacia. In areas where natural regrowth is feasible, managing this passive reforestation is rec-
ommended. Where planting is required, my results suggest that seed and stock mixes should include
species that add complexity to the forest’s vertical structure, especially shrub species. In addition,
recruitment survival is essential to ensure sequestered carbon is maintained over time, and may be
being overlooked in current plantings, despite restoration guidelines (McDonald et al. 2016). Finally,
many of the uncertainties in the performance and peristance of these dual-benefit restoration projects
are currently areas of active research, or will be in the future. Communicating these findings to on-
the-ground restoration practice is essential to design communities that meet targets and are resilient to
changing conditions.
6.2 Can studying existing ecological restoration projects advance current eco-
logical thinking?
My results also show that ecological restoration projects are valuable resources for fundamental eco-
logical research, and have the potential to extend our understanding of community structure and func-
tion. This is especially true of reforestation plantings, as these plantings are as old, or older, than tree
community experiments, and because plants are generally equal-aged, calculating stand productivity
(as per Chapter 3) and tree growth rate (as per Chapter 4) is relatively straight-forward. In addition,
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the artificial assembly of communities in restoration projects compensates for some of the confound-
ing effects seen in studies of natural communities (that are rarely accounted for: Nadrowski et al. 2010)
In Chapter 3, I used a large dataset of restoration plantings to test the biodiversity ecosystem-function
(BEF) hypothesis in communities under-represented in other studies. Australian forests and wood-
lands occur in a variety of climates, many much drier than those studied in the temperate and tropical-
biased literature (Clarke et al. 2017). The diversity of species in these plantings, while not an experi-
mental treatment, was arbitrarily defined, and separate from evolutionary and demographic processes.
In this chapter, I showed that a positive biodiversity-ecosystem function relationship is not universal,
and does not appear to apply to revegetation plantings of Australian forest communities. I do not sug-
gest that a positive diversity-productivity relationship does not exist, or is not dominant in most plant
communities. Rather, I show that this shape is not universal, which, along with similar studies, is an
important advance in community ecology.
Functional ecology is a relatively new field, but is redefining many of the ways ecologists view and
study communities. The mediation of plant growth rate by functional traits is well known at a macro-
level, as are the environmental constraints on trait values. There have been recent calls to integrate
functional traits with phylogenetic information, recognising that capturing all of an individual’s eco-
logical strategy is challenging, even with functional traits. In Chapter 4, I asked a simple question:
does the growth rate of two genera, whose species commonly co-occur, have different relationships
with common functional traits and local conditions? I showed that species within each genus had
consistent relationships, but between genera, growth rate correlations with neighbourhood conditions,
and functional traits that are linked explicitly to growth rate, differed markedly. These results relied on
access to a large number of small neighbourhood plots in reforestation plantings containing even-aged
plants; this dataset gave me a large sample size of plants from a range of species that were exposed
to very different conditions. My results in this chapter re-affirm the value of restoration projects to
ecological research, and indicate that the evolutionary context that a functional trait value is expressed
in is just as important as its environmental context.
The results of these chapters serve to highlight the value that restoration ecology research can provide
to other areas of ecology. Despite this, I identified in Chapter 2 that growth in restoration ecology, as
a proportion of ecology publications, has plateaued since the mid 2000’s, and the field only produces
one-third of the papers of other major applied topics each year. Very few restoration ecology papers
use terms associated with mature or developing community ecology theories, although there is evi-
dence that this is changing (Wainwright et al. 2017). My results indicate there is unrealised potential
for complementary research between restoration and wider ecology that furthers our understanding in
both research fields.
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6.3 Where are research gaps that remain to be filled, and how integral are they
to the design of future restoration?
6.3.1 Integration with climate change and conservation action
In Chapter 2 I identified that the utility of restoration ecology research to conservation and climate
change problems may be underappreciated, despite 25 years of research and consistent calls for the
reclamation of cleared land (e.g., Aerts & Honnay 2011; Betts et al. 2017; Rodrigues et al. 2004). The
carbon sequestration potential of restoration projects is linked to plant performance; species’ thermal
optima are likely to shift due to climate change, and restoration practitioners may need to preference
genotypes from range edges, or even non-indigenous species that can better provide desired ecosystem
functions in altered conditions (Harris et al. 2006). Research and guidelines into planning restoration
in a changing climate has increased over recent years (e.g., Hodgins &Moore 2016; Millar et al. 2007;
Ramalho et al. 2017), and is reflected in current restoration guidelines (McDonald et al. 2016). De-
spite this, research into how climate changemay affect the carbon sequestration potential of restoration
projects is less understood. In particular, tools to aid restoration practitioners, such as species selection
guidelines for restoration with multiple objectives, are still underdeveloped (Locatelli et al. 2015). To
maximise carbon sequestration, we need a solid understanding of how restoration projects perform as
they grow and how climate change will impact project performance. We then need to develop strate-
gies to mitigate these impacts, and secure carbon sequestration potential in forest restoration.
Multi-benefit restoration projects often prioritise conservation outcomes. These conservation benefits
are often based on maximising the structural or resource attributes of the plant community, under the
assumption that once these features are present, animals will use the space and realise the conservation
benefits (Hilderbrand et al. 2005). There is robust literature on identifying conservation priorities and
maximising connectivity in fragmented landscapes, but little on how targeted restoration could inte-
grate into conservation network designs (e.g., Brooks et al. 2006; Saura & Pascual-Hortal 2007, but
see Donald & Evans 2006; Rappaport et al. 2015). Restoration projects have the potential to increase
landscape connectivity (e.g., Tambosi et al. 2013), and there are still conservation opportunities in
human-altered systems (Martin et al. 2014). Restoration is becoming a more important consideration
in more recent years (Kukkala & Moilanen 2012), but it appears that ecological restoration is not yet
fully integrated into conservation planning frameworks.
These two problems can be considered in concert as well as separately. Conservation plans need
to account for the impacts of climate change, and several studies have highlighted the role that tar-
geted restoration can play (Heller & Zavaleta 2009b; Mantyka-Pringle et al. 2015; Mawdsley et al.
2009). Perpetuating these studies and integrating climate change, conservation and restoration into
local and regional-scale planning frameworks is a growing area of research, and one that is essential
to the goals of all three research areas.
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6.3.2 Functional ecology
Functional traits offer one potential solution to a problem that has plagued ecological restoration since
its inception: how to find generalisable frameworks that are appropriate across different communities
and systems (Perring et al. 2015). Traits allow us to make comparisons between very different species
on functionally-meaningful axes (McGill et al. 2006; Violle et al. 2007). While restoration ecology
has begun to use functional traits (e.g., Laughlin 2014), papers incorporating traits are still relatively
uncommon (c. 8% of papers in 2014: Wainwright et al. 2017). I suggest that the future of restoration
ecology is aligned with functional ecology, and offer a few suggestions for future research.
Restoration ecology is overwhelmingly concerned with community-scale success metrics, such as
canopy coverage, species richness and primary productivity (Ruiz-Jaen & Mitchell Aide 2005). Be-
cause success in these metrics is built atop individual plant performance, there are exciting opportu-
nities for restoration ecology build on seminal ecological research in these areas. Of particular note
are studies of competition incorporating functional traits, such as Uriarte et al. (2010) and Kunstler et
al. (2016); these studies use trait-distance frameworks to measure competitive effects and responses.
These aspects of competition between individuals influence community growth and development, and
can affect restoration success (Mangla et al. 2011). One option is to design restoration experiments
that explore seed mixes or planting arrangements that minimise competitive overlap. Alternatively,
we could use datasets of existing restoration projects to explore how variation in trait distances and
trait hierarchies affect plant growth in a restoration context. Restoration experiments in particular
offer the advantage of testing particular mechanisms, rather than relying on broad-scale patterns (as
in my work here). Pattern-based studies are important, and can often cover large areas and test hy-
potheses across profound environmental gradients, but may be less informative to restoration practice.
Before we assume that increased diversity will provide additional benefits to restoration projects,
BEF relationships need to be studied in greater detail. Two aspects that could be explored in a restora-
tion context are (1) the ecological mechanisms of BEF relationships (Duncan et al. 2015; Montoya
et al. 2012), especially using trait-based approaches (Eisenhauer et al. 2016; Wardle 2016), and (2)
the scale at which BEF relationships operate. Diversity will only increase ecosystem function if it
improves community attributes relevant to that function. Exploring functional diversity of relevant
traits is a promising direction (Roscher et al. 2012), but has rarely been explored in restoration (Zirbel
et al. 2017). In addition, BEF relationships are often studied at very small spatial scales, and there
is evidence that the magnitude (and even direction) of these relationships can change at larger scales
(Chisholm et al. 2013). In addition, the relationships may be similar at different spatial scales, but
the mechanisms may be very different, which alters how ecological restoration needs to incorporate
them. As an example, at small scales, complementary resource use between individual plants may
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drive the positive diversity-productivity relationship; at larger scales, productivity may be driven more
by species matched to heterogeneous resources, where regional diversity is high but local diversity is
low (Simova et al. 2013).
6.4 Conclusions
Overall, my thesis contributes several significant findings relevant to the field of restoration ecology.
First, I found that the growth of restoration ecology research has largely stalled, especially compared
to conservation biology and climate change biology. I provide evidence that productivity and diver-
sity are not necessarily linked, but are not mutually exclusive, which has implications for the design
of restoration projects for conservation and carbon sequestration. I also examined the growth rate of
individual plants in restoration projects, finding that the effect of known drivers of growth rate can
differ between genera. Finally, in a heavily-cleared agricultural region, I found evidence that planted
restoration stands may not persist over long time-scales unless adequate recruitment is attained, and
may provide fewer conservation benefits than naturally regrowing stands. My project not only high-
lights the utility of community and functional ecology concepts to restoration ecology, but offers evi-
dence that existing restoration projects can extend our fundamental ecological understanding of how
plant communities function.
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S1: Supplementary information for all chapters
Figure S1.1: Pairs plot of environmental variables obtained from spatial layers (Table S1.1). Diagonal plots are
histogram distributions. Lower triangular plots are pairwise scatterplots. Upper triangular plots are correlation
coefficients, with size weighted to absolute magnitude.
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Table S1.1: Spatial layers of environmental variables used to extract abiotic conditions at each study site. 3″ layers are for continental Australia, 30″ layers are global
layers. Soil texture and nutrient layers (clay, silt, sand, nitrogen, phosphorus, carbon and pH) contained multiple depth layers (0-5cm, 5-15cm, 15-30cm, 30-60cm,
60-100cm and 100-200cm). An average value of the three shallow layers was calculated and used for study sites. Solar radiation, minimum temperature and maximum
temperature were available monthly and were averaged into an annual value. Rainfall was also available monthly but summed to create a yearly total.
Variable name Layer name Detail Units Resolution Reference
Clay
Soil and Landscape Grid
National Soil Attribute
Maps - Clay (3″
resolution)
< 2 um mass fraction of
the < 2 mm soil material
determined using the
pipette method
% 3″
Raphael Viscarra Rossel; Charlie Chen; Mike Grundy;
Ross Searle; David Clifford; Nathan Odgers; et al. (2014):
Soil and Landscape Grid National Soil Attribute Maps -
Clay (3″resolution) - Release 1. v4. CSIRO. Data
Collection. 10.4225/08/546EEE35164BF
Silt
Soil and Landscape Grid
National Soil Attribute
Maps - Silt (3″
resolution)
2-20 um mass fraction of
the < 2 mm soil material
determined using the
pipette method
% 3″
Raphael Viscarra Rossel; Charlie Chen; Mike Grundy;
Ross Searle; David Clifford; Nathan Odgers; et al. (2014):
Soil and Landscape Grid National Soil Attribute Maps -
Silt (3″ resolution) - Release 1. v4. CSIRO. Data
Collection.
Sand
Soil and Landscape Grid
National Soil Attribute
Maps - Sand (3″
resolution)
20 um - 2 mm mass
fraction of the < 2 mm
soil material determined
using the pipette method
% 3″
Raphael Viscarra Rossel; Charlie Chen; Mike Grundy;
Ross Searle; David Clifford; Nathan Odgers; et al. (2014):
Soil and Landscape Grid National Soil Attribute Maps -
Sand (3″ resolution) - Release 1. v4. CSIRO. Data
Collection. 10.4225/08/546F29646877E
Nitrogen
Soil and Landscape Grid
National Soil Attribute
Maps - Total Nitrogen
(3″ resolution) - Release
1
Total nitrogen % 3″
Raphael Viscarra Rossel; Charlie Chen; Mike Grundy;
Ross Searle; David Clifford; Nathan Odgers; et al. (2014):
Soil and Landscape Grid National Soil Attribute Maps -
Total Nitrogen (3″ resolution) - Release 1. v4. CSIRO.
Data Collection. 10.4225/08/546F564AE11F9
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Variable name Layer name Detail Units Resolution Reference
Phosphorus
Soil and Landscape Grid
National Soil Attribute
Maps - Total Phosphorus
(3″ resolution) - Release
1
Total phosphorus % 3″
Raphael Viscarra Rossel; Charlie Chen; Mike Grundy;
Ross Searle; David Clifford; Nathan Odgers; et al. (2014):
Soil and Landscape Grid National Soil Attribute Maps -
Total Phosphorus (3″ resolution) - Release 1. v4. CSIRO.
Data Collection. 10.4225/08/546F617719CAF
Carbon
Soil and Landscape Grid
National Soil Attribute
Maps - Organic Carbon
(3″ resolution) - Release
1
mass fraction of carbon
by weight in the < 2 mm
soil material as
determined by dry
combustion at 900°C
% 3″
Raphael Viscarra Rossel; Charlie Chen; Mike Grundy;
Ross Searle; David Clifford; Nathan Odgers; et al. (2014):
Soil and Landscape Grid National Soil Attribute Maps -
Organic Carbon (3″ resolution) - Release 1. v1. CSIRO.
Data Collection. 10.4225/08/547523BB0801A
pH
Soil and Landscape Grid
National Soil Attribute
Maps - pH - CaCl2 (3″
resolution) - Release 1
pH of 1:5 soil/0.01M
calcium chloride extract
NA 3″
Raphael Viscarra Rossel; Charlie Chen; Mike Grundy;
Ross Searle; David Clifford; Nathan Odgers; et al. (2014):
Soil and Landscape Grid National Soil Attribute Maps -
pH - CaCl2 (3″ resolution) - Release 1. v2. CSIRO. Data
Collection. 10.4225/08/546F17EC6AB6E
Elevation relief
Relief - Elevation Range
over 300 m (3″
resolution) derived from
1” SRTM DEM-S
Derived from the
Smoothed Digital
Elevation Model
(DEM-S;
ANZCW0703014016)
m 3″
John Gallant; Jenet Austin (2012): Relief - Elevation
Range over 300 m (3″ resolution) derived from 1″
SRTM DEM-S. v1. CSIRO. Data Collection.
10.4225/08/50A9C8ADC26A5
Slope
Slope (3″ resolution)
derived from 1″ SRTM
DEM-S
Derived from the
Smoothed Digital
Elevation Model
(DEM-S;
ANZCW0703014016).
° 3″
John Gallant; Jenet Austin (2012): Slope (3″ resolution)
derived from 1″ SRTM DEM-S. v3. CSIRO. Data
Collection. 10.4225/08/50A9DF115250E
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Variable name Layer name Detail Units Resolution Reference
Topographic
Wetness Index
(TWI)
Topographic Wetness
Index (3″ resolution)
derived from 1″ SRTM
DEM-H
TWI is calculated as
ln(specific catchment
area / slope) and
estimates the relative
wetness within a
catchment.
m
rad-1
3″
John Gallant; Jenet Austin (2012): Topographic Wetness
Index (3″ resolution) derived from 1″ SRTM DEM-H.
v1. CSIRO. Data Collection.
10.4225/08/50A9DF3968422
Solar Radiation
Mean monthly total
shortwave radiation on a
sloping surface modelled
using the 1″ DEM-S
Mean monthly solar
radiation was modelled
across Australia using
topography from the 1
second resolution
SRTM-derived DEM-S
and climatic and land
surface data. (monthly
layers averaged to a
single annual layer)
MJ
m-2
day-1
3″
John Gallant; Jenet Austin; Tom Van Niel (2014): Mean
monthly total shortwave radiation on a sloping surface
modelled using the 1” DEM-S. v2. CSIRO. Data
Collection. 10.4225/08/53C791583B37E
Minimum
temperature
minimum temperature
(°C * 10) 30s
average monthly
Minimum temperature
(monthly layers averaged
to a single annual layer)
°C 30″
Hijmans, R.J., S.E. Cameron, J.L. Parra, P.G. Jones and A.
Jarvis, 2005. Very high resolution interpolated climate
surfaces for global land areas. International Journal of
Climatology 25: 1965-1978.
Maximum
temperature
maximum temperature
(°C * 10) 30s
average monthly
Maximum
temperature(monthly
layers averaged to a
single annual layer)
°C 30″
Hijmans, R.J., S.E. Cameron, J.L. Parra, P.G. Jones and A.
Jarvis, 2005. Very high resolution interpolated climate
surfaces for global land areas. International Journal of
Climatology 25: 1965-1978.
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Variable name Layer name Detail Units Resolution Reference
Annual rainfall precipitation (mm) 30s
average monthly
precipitation (monthly
layers summed to a single
annual layer)
mm 30″
Hijmans, R.J., S.E. Cameron, J.L. Parra, P.G. Jones and A.
Jarvis, 2005. Very high resolution interpolated climate
surfaces for global land areas. International Journal of
Climatology 25: 1965-1978.
Potential
evapotranspiration
Potential
evapotranspiration
Calculated using the
Hargreaves method with
available layers of
monthly average
temperature and
extra-terrestrial radiation.
mm
year-1
30″
Trabucco, A., and Zomer, R.J. 2009. Global Aridity Index
(Global-Aridity) and Global Potential
Evapo-Transpiration (Global-PET) Geospatial Database.
CGIAR Consortium for Spatial Information. Published
online, available from the CGIAR-CSI GeoPortal at:
http://www.csi.cgiar.org.
Moisture
Availability
Ratio of total annual
rainfall to total annual
potential
evapotranspiration
Calculated by dividing
annual rainfall by
potential
evapotranspiration
Unit-
less
Calculated
for each
study site
Calculated using rainfall and evapotranspiration layers as
specified above.
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Supplementary information: Chapter 2
Tables S2.1-4 are generalised additive model summaries of citation and publication trends over time
in the four subfields of applied ecology. All models use beta errors, with a logit link function and used
cubic regression splines set with a maximum of four knots. The figure using this model is listed in
parentheses at the end of each table caption. Edf = estimated degrees of freedom, Res df = residual
degrees of freedom. Cl = Climate change, Co = Conservation, I = Invasion, R = Restoration.
Table S2.1: Summary of generalised additive model of publication rate of the four subfields combined, as a
proportion of all ecology publications (Fig. 2.1a)
Parametric coefficients Smoothing coefficients
Variable Estimate SE z-value p-value Edf Res df Chi2 p-value
Year -2.110 0.018 -120.1 < 0.001 2.803 2.970 1422 < 0.001
Table S2.2: Summary of generalised additive model of citation rate of the four subfields combined, as a pro-
portion of all ecology publications (Fig. 2.1b)
Parametric coefficients Smoothing coefficients
Variable Estimate SE z-value p-value Edf Res df Chi2 p-value
Year -2.552 0.016 -137.1 < 0.001 2.909 2.993 2332 < 0.001
Table S2.3: Summary of generalised additive model of publication rate of the four subfields, as a proportion of
all ecology publications (Fig. 2.1c)
Parametric coefficients Smoothing coefficients
Variable Estimate SE z-value p-value Edf Res df Chi2 p-value
Cl -4.138 0.037 -110.147 < 0.001 2.349 2.699 804.1 < 0.001
Co 1.165 0.042 27.644 < 0.001 2.887 2.990 383.7 < 0.001
I 0.418 0.049 8.524 < 0.001 2.919 2.995 787.6 < 0.001
R -0.064 0.053 -1.205 0.228 2.877 2.988 268.0 < 0.001
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Table S2.4: Summary of generalised additive model of citation rate of the four subfields, as a proportion of all
ecology publications (Fig. 2.1d)
Parametric coefficients Smoothing coefficients
Variable Estimate SE z-value p-value Edf Res df Chi2 p-value
Cl -4.551 0.071 -64.178 < 0.001 2.887 2.990 426.6 < 0.001
Co 1.471 0.076 19.314 < 0.001 2.877 2.988 332.3 < 0.001
I 0.892 0.082 10.898 < 0.001 2.841 2.980 517.2 < 0.001
R -0.319 0.106 -3.015 0.003 2.903 2.992 191.6 < 0.001
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Table S2.5: Summary of generalized additive model, modelling the proportion of papers from a citing subfield
(“citing”) published in a given year that cite at least one paper from a target subfield (“target”) between 1990
and 2017. The model was fit with binomial errors and a logit link function, and used cubic regression splines
set with a maximum of four knots. Edf = estimated degrees of freedom, Res df = residual degrees of freedom.
Cl = Climate change, Co = Conservation, I = Invasion, R = Restoration. This model was used to create panels
e-h in Fig. 2.2.
Parametric coefficients Smoothing coefficients
Citing Target
Esti-
mate
SE z-value p-value Edf
Res
df
Chi2 p-value
Cl
Cl 0.869 0.059 14.614 < 0.001 2.683 2.919 312.642 < 0.001
Co -2.277 0.112 -20.282 < 0.001 2.228 2.531 226.096 < 0.001
I -2.653 0.122 -21.686 < 0.001 2.438 2.737 150.973 < 0.001
R -4.182 0.288 -14.499 < 0.001 2.582 2.846 119.085 < 0.001
Co
Cl -3.274 0.108 -30.265 < 0.001 2.947 2.998 997.807 < 0.001
Co 0.207 0.066 3.122 < 0.001 2.262 2.628 762.514 < 0.001
I -2.948 0.091 -32.415 < 0.001 2.590 2.858 695.311 < 0.001
R -2.822 0.085 -33.070 < 0.001 2.535 2.820 465.755 < 0.001
I
Cl -3.132 0.080 -39.207 < 0.001 1.000 1.000 490.771 < 0.001
Co -1.664 0.092 -18.134 < 0.001 2.826 2.974 240.585 < 0.001
I 0.676 0.079 8.602 < 0.001 2.291 2.651 530.757 < 0.001
R -3.170 0.184 -17.249 < 0.001 2.892 2.989 172.788 < 0.001
R
Cl -3.514 0.100 -35.025 < 0.001 1.000 1.000 340.049 < 0.001
Co -1.288 0.081 -15.975 < 0.001 1.886 2.219 235.055 < 0.001
I -2.242 0.110 -20.412 < 0.001 2.325 2.634 213.263 < 0.001
R -0.139 0.084 -1.651 0.099 2.384 2.715 320.818 < 0.001
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Table S2.6: Summary of generalised additive model, modelling the proportion of citations that papers from a
citing subfield (“Citing”) made to papers from a target subfield (“Target”) published between 1990 and 2017.
This model used beta errors and a logit link function, and used cubic regression splines set with a maximum of
four knots. Edf = estimated degrees of freedom, Res df = residual degrees of freedom. Cl = Climate change,
Co = Conservation, I = Invasion, R = Restoration. This model was used to create panels a-d in Fig. 2.2.
Parametric coefficients Smoothing coefficients
Citing Target
Esti-
mate
SE z-value p-value Edf
Res
df
Chi2 p-value
Cl
Cl 0.869 0.059 14.614 < 0.001 2.683 2.919 312.642 < 0.001
Co -2.277 0.112 -20.282 < 0.001 2.228 2.531 226.096 < 0.001
I -2.653 0.122 -21.686 < 0.001 2.438 2.737 150.973 < 0.001
R -4.182 0.288 -14.499 < 0.001 2.582 2.846 119.085 < 0.001
Co
Cl -3.274 0.108 -30.265 < 0.001 2.947 2.998 997.807 < 0.001
Co 0.207 0.066 3.122 < 0.001 2.262 2.628 762.514 < 0.001
I -2.948 0.091 -32.415 < 0.001 2.590 2.858 695.311 < 0.001
R -2.822 0.085 -33.070 < 0.001 2.535 2.820 465.755 < 0.001
I
Cl -3.132 0.080 -39.207 < 0.001 1.000 1.000 490.771 < 0.001
Co -1.664 0.092 -18.134 < 0.001 2.826 2.974 240.585 < 0.001
I 0.676 0.079 8.602 < 0.001 2.291 2.651 530.757 < 0.001
R -3.170 0.184 -17.249 < 0.001 2.892 2.989 172.788 < 0.001
R
Cl -3.514 0.100 -35.025 < 0.001 1.000 1.000 340.049 < 0.001
Co -1.288 0.081 -15.975 < 0.001 1.886 2.219 235.055 < 0.001
I -2.242 0.110 -20.412 < 0.001 2.325 2.634 213.263 < 0.001
R -0.139 0.084 -1.651 0.099 2.384 2.715 320.818 < 0.001
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Table S2.7: Lexical scan of terms associated with ecological theory in subfields of applied ecology. Values are
percentages of papers in a subfield that use a term in their title or keywords. Some terms have been stemmed
to increase generality of match (e.g., “resilien” matches to “resilience” and “resilient”).
Percentage of papers containing term (%)
Search term
Climate
Change
Conservation Invasion Restoration
coexist 0.12 0.15 0.56 0.16
community
assembly
0.03 0.09 0.10 0.25
stability 0.44 0.17 0.23 0.38
resilien 1.35 0.34 0.29 0.63
drift 0.01 0.17 0.06 0.05
neutral 0.08 0.11 0.08 0.05
competiti 0.84 0.37 2.96 0.68
dispersal 1.02 1.02 2.50 1.26
succession 0.36 0.41 0.40 2.46
stable state 0.01 0.00 0.03 0.05
ecosystem
function/service
0.78 1.71 0.43 1.58
functional 0.88 0.93 1.05 2.10
equilibrium 0.07 0.03 0.09 0.00
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Table S2.8: Sample size of ecology papers in each journal (after subsetting, see SupplementaryMethods above).
Only includes papers published between 1990 and 2017 that were indexed by Web of Science. This table is an
extended version of Table 2.2 in the main text, which only included journals where subfield papers comprised
at least 30% of all papers included in this study.
Journal name n Proportion of papers identified as part of subfield
Climate
change
Conserva-
tion
Invasion Restoration
Acta Amazonica 146 0.027 0.048 0.000 0.007
Acta Oecologica International
Journal Of Ecology
1799 0.022 0.037 0.060 0.014
African Journal Of Ecology 1576 0.008 0.087 0.015 0.008
African Journal Of Range &
Forage Science
181 0.022 0.033 0.050 0.028
African Journal Of Wildlife
Research
343 0.003 0.137 0.009 0.000
Agriculture Ecosystems &
Environment
4544 0.038 0.069 0.006 0.018
Amazoniana Limnologia Et
Oecologia Regionalis Systemae
Fluminis Amazonas
160 0.000 0.000 0.006 0.000
American Midland Naturalist 2082 0.000 0.016 0.024 0.012
American Naturalist 4099 0.012 0.016 0.027 0.001
Animal Conservation 1055 0.021 0.313 0.050 0.022
Annales Zoologici Fennici 793 0.004 0.015 0.016 0.001
Annual Review Of Ecology
Evolution And Systematics
323 0.012 0.084 0.040 0.009
Applied Ecology And
Environmental Research
578 0.095 0.061 0.033 0.021
Applied Vegetation Science 837 0.030 0.121 0.093 0.276
Aquatic Ecology 688 0.025 0.013 0.070 0.017
Aquatic Ecosystem Health &
Management
307 0.029 0.062 0.029 0.033
Aquatic Invasions 415 0.014 0.019 0.677 0.005
Aquatic Microbial Ecology 1753 0.005 0.000 0.000 0.001
Arthropod Plant Interactions 487 0.012 0.012 0.051 0.002
Austral Ecology 1972 0.030 0.053 0.080 0.020
Avian Conservation And Ecology 123 0.024 0.146 0.008 0.000
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Journal name n Proportion of papers identified as part of subfield
Climate
change
Conserva-
tion
Invasion Restoration
Basic And Applied Ecology 1083 0.025 0.070 0.068 0.044
Behavioral Ecology 3358 0.002 0.005 0.010 0.000
Behavioral Ecology And
Sociobiology
4092 0.003 0.003 0.004 0.000
Biochemical Systematics And
Ecology
3198 0.001 0.040 0.008 0.001
Biocycle 12 0.000 0.000 0.000 0.000
Biodiversity And Conservation 3745 0.028 0.406 0.040 0.033
Biogeosciences 3463 0.011 0.001 0.001 0.003
Biological Conservation 6745 0.032 0.393 0.051 0.051
Biological Invasions 2574 0.024 0.028 0.819 0.019
Biology Letters 2471 0.043 0.023 0.023 0.002
Biotropica 2197 0.015 0.068 0.024 0.019
Bmc Ecology 214 0.061 0.037 0.084 0.009
Bosque 305 0.020 0.072 0.043 0.059
Bulletin Of The American Museum
Of Natural History
45 0.000 0.000 0.000 0.000
Bulletin Of The Peabody Museum
Of Natural History
80 0.013 0.025 0.038 0.000
Canadian Field Naturalist 1307 0.008 0.027 0.021 0.004
Chemistry And Ecology 604 0.008 0.007 0.005 0.005
Chemoecology 556 0.000 0.004 0.027 0.000
Colonial Waterbirds 303 0.000 0.046 0.000 0.007
Community Ecology 325 0.022 0.071 0.043 0.018
Comparative Physiology And
Ecology
7 0.000 0.000 0.000 0.000
Compost Science & Utilization 574 0.000 0.002 0.003 0.003
Conservation Biology 4120 0.029 0.344 0.043 0.026
Conservation Physiology 193 0.114 0.181 0.083 0.005
Contemporary Problems Of
Ecology
473 0.021 0.004 0.017 0.002
Current Opinion In Insect Science 261 0.038 0.015 0.004 0.004
Diversity And Distributions 1430 0.099 0.262 0.325 0.011
Ecography 2209 0.023 0.018 0.029 0.003
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Journal name n Proportion of papers identified as part of subfield
Climate
change
Conserva-
tion
Invasion Restoration
Ecohealth 518 0.058 0.066 0.031 0.004
Ecohydrology 778 0.085 0.012 0.019 0.046
Ecological Applications 3885 0.061 0.118 0.082 0.072
Ecological Complexity 523 0.034 0.033 0.029 0.006
Ecological Economics 3875 0.054 0.078 0.015 0.011
Ecological Engineering 3815 0.015 0.024 0.014 0.159
Ecological Informatics 699 0.043 0.040 0.034 0.010
Ecological Management &
Restoration
91 0.022 0.121 0.066 0.363
Ecological Modelling 6003 0.042 0.023 0.020 0.010
Ecological Monographs 730 0.075 0.023 0.040 0.005
Ecological Research 1979 0.020 0.025 0.029 0.011
Ecology 7710 0.037 0.016 0.055 0.006
Ecology And Evolution 3028 0.074 0.065 0.067 0.009
Ecology And Society 1088 0.097 0.142 0.012 0.042
Ecology Letters 2474 0.068 0.059 0.079 0.009
Eco Mont Journal On Protected
Mountain Areas Research
102 0.039 0.157 0.010 0.029
Ecoscience 1087 0.031 0.021 0.040 0.020
Ecosphere 1592 0.134 0.067 0.083 0.046
Ecosystems 1612 0.097 0.012 0.040 0.032
Ecosystem Services 493 0.028 0.124 0.002 0.034
Ecotoxicology 1895 0.005 0.003 0.005 0.006
Ekologia Bratislava 339 0.009 0.009 0.003 0.003
Ekoloji 306 0.000 0.023 0.000 0.007
Environmental Biology Of Fishes 2927 0.005 0.043 0.017 0.005
European Journal Of Soil Biology 1004 0.010 0.008 0.009 0.014
European Journal Of Wildlife
Research
1100 0.003 0.102 0.057 0.002
Evolution 6322 0.006 0.011 0.009 0.001
Evolutionary Ecology 1440 0.009 0.013 0.020 0.000
Evolutionary Ecology Research 1193 0.018 0.018 0.034 0.002
Fire Ecology 159 0.025 0.019 0.038 0.107
Flora 1513 0.013 0.029 0.033 0.011
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Journal name n Proportion of papers identified as part of subfield
Climate
change
Conserva-
tion
Invasion Restoration
Freshwater Biology 114 0.088 0.018 0.079 0.026
Freshwater Science 1788 0.023 0.031 0.031 0.023
Frontiers In Ecology And The
Environment
942 0.031 0.075 0.051 0.024
Functional Ecology 3302 0.038 0.013 0.024 0.003
Fungal Ecology 569 0.028 0.053 0.026 0.002
Global Change Biology 4354 0.358 0.023 0.025 0.004
Global Ecology And Biogeography 1565 0.127 0.084 0.062 0.004
Heredity 3449 0.002 0.029 0.013 0.003
Human Wildlife Interactions 86 0.000 0.093 0.000 0.012
Interciencia 1315 0.005 0.042 0.005 0.008
International Journal Of
Sustainable Development And
World Ecology
835 0.049 0.086 0.001 0.013
Isme Journal 1820 0.008 0.009 0.010 0.001
Israel Journal Of Ecology &
Evolution
231 0.017 0.091 0.048 0.022
Journal For Nature Conservation 510 0.025 0.547 0.055 0.069
Journal Of Animal Ecology 3003 0.038 0.020 0.020 0.003
Journal Of Applied Ecology 3359 0.034 0.166 0.083 0.098
Journal Of Arid Environments 3609 0.031 0.039 0.029 0.032
Journal Of Biogeography 3542 0.069 0.080 0.038 0.002
Journal Of Biological Dynamics 99 0.010 0.010 0.061 0.000
Journal Of Chemical Ecology 4663 0.002 0.004 0.022 0.000
Journal Of Ecology 2993 0.057 0.031 0.078 0.010
Journal Of Evolutionary Biology 3844 0.007 0.011 0.014 0.002
Journal Of Experimental Marine
Biology And Ecology
5857 0.016 0.008 0.024 0.006
Journal Of Fish And Wildlife
Management
273 0.026 0.117 0.033 0.029
Journal Of Freshwater Ecology 1515 0.004 0.005 0.021 0.006
Journal Of Natural History 2279 0.003 0.024 0.012 0.000
Journal Of Plant Ecology 434 0.051 0.028 0.094 0.018
Journal Of Plant Interactions 371 0.003 0.008 0.022 0.005
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Journal name n Proportion of papers identified as part of subfield
Climate
change
Conserva-
tion
Invasion Restoration
Journal Of Soil And Water
Conservation
1365 0.019 0.242 0.002 0.025
Journal Of Tropical Ecology 1710 0.005 0.011 0.020 0.002
Journal Of Vegetation Science 2473 0.036 0.022 0.046 0.020
Journal Of Wildlife Management 4134 0.004 0.046 0.022 0.012
Landscape And Ecological
Engineering
250 0.016 0.076 0.044 0.108
Landscape And Urban Planning 2381 0.020 0.100 0.007 0.032
Landscape Ecology 2032 0.046 0.085 0.034 0.028
Marine Biology Research 1048 0.012 0.007 0.017 0.006
Marine Ecology Progress Series
12830
0.023 0.013 0.021 0.006
Methods In Ecology And Evolution 937 0.037 0.053 0.041 0.003
Microbial Ecology 2767 0.002 0.002 0.004 0.002
Microbial Ecology In Health And
Disease
50 0.000 0.000 0.000 0.000
Molecular Ecology 7382 0.019 0.074 0.047 0.002
Molecular Ecology Resources 3529 0.001 0.061 0.044 0.001
Natural Areas Journal 934 0.021 0.168 0.127 0.107
Natural History 22 0.000 0.000 0.000 0.000
Nature Ecology & Evolution 177 0.011 0.028 0.023 0.000
New Zealand Journal Of Ecology 699 0.007 0.106 0.120 0.056
Northeastern Naturalist 816 0.006 0.022 0.036 0.006
Northwest Environmental Journal 47 0.106 0.000 0.000 0.064
Northwest Science 833 0.007 0.019 0.029 0.030
Oecologia 8282 0.032 0.009 0.043 0.004
Ohio Journal Of Science 230 0.000 0.004 0.013 0.013
Oikos 5600 0.004 0.005 0.023 0.000
Oryx 1192 0.014 0.435 0.029 0.013
Paleobiology 971 0.006 0.004 0.008 0.000
Pedobiologia 1103 0.008 0.006 0.014 0.010
Perspectives In Plant Ecology
Evolution And Systematics
385 0.062 0.055 0.127 0.018
Phytocoenologia 414 0.022 0.039 0.014 0.014
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Journal name n Proportion of papers identified as part of subfield
Climate
change
Conserva-
tion
Invasion Restoration
Plant Ecology 3120 0.030 0.026 0.084 0.028
Plant Species Biology 335 0.003 0.087 0.066 0.021
Polar Biology 3442 0.035 0.004 0.008 0.001
Polar Record 302 0.023 0.003 0.000 0.000
Polar Research 531 0.075 0.011 0.008 0.002
Polar Science 196 0.046 0.000 0.010 0.000
Polish Journal Of Ecology 923 0.018 0.034 0.035 0.018
Polish Polar Research 218 0.028 0.000 0.009 0.000
Population Ecology 930 0.020 0.041 0.054 0.003
Proceedings Of The Academy Of
Natural Sciences Of Philadelphia
181 0.000 0.006 0.006 0.006
Proceedings Of The Linnean
Society Of New South Wales
120 0.017 0.058 0.017 0.008
Rangeland Ecology &
Management
2321 0.009 0.024 0.058 0.052
Rangeland Journal 534 0.051 0.060 0.047 0.039
Regional Studies In Marine
Science
94 0.021 0.032 0.011 0.053
Restoration Ecology 1728 0.013 0.049 0.085 0.752
Revista Chilena De Historia
Natural
942 0.010 0.070 0.031 0.004
Revue D Ecologie Et De Biologie
Du Sol
52 0.000 0.000 0.000 0.000
Revue D Ecologie La Terre Et La
Vie
575 0.000 0.047 0.030 0.007
Russian Journal Of Ecology 902 0.023 0.013 0.017 0.009
Southeastern Naturalist 973 0.001 0.018 0.017 0.010
Southwestern Naturalist 1872 0.000 0.014 0.009 0.004
Texas Journal Of Science 486 0.000 0.006 0.006 0.004
Theoretical Ecology 309 0.023 0.016 0.084 0.003
Theoretical Population Biology 1380 0.002 0.004 0.038 0.000
Trends In Ecology & Evolution 3018 0.014 0.048 0.022 0.006
Tropical Ecology 314 0.022 0.108 0.054 0.032
Urban Ecosystems 516 0.006 0.066 0.039 0.017
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Journal name n Proportion of papers identified as part of subfield
Climate
change
Conserva-
tion
Invasion Restoration
Vie Et Milieu Life And
Environment
502 0.004 0.022 0.018 0.006
Western North American Naturalist 1069 0.004 0.029 0.039 0.019
Wetlands 2105 0.021 0.035 0.045 0.125
Wildlife Biology 857 0.008 0.040 0.016 0.007
Wildlife Monographs 33 0.030 0.000 0.030 0.061
Wildlife Research 1815 0.009 0.061 0.032 0.007
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Supplementary information: Chapter 3
Tables S3.1-3.4, S3.6 and S3.8 are linear mixed-effect model summaries, testing for the effect of
planting age, environment, structural and diversity on plot-level biomass. Tables S3.5, S3.7 and S3.9
are summaries of generalised linear hypothesis testing, testing for whether slopes of
diversity-environmental group interaction effects differ from zero. Methods for generating these
models are set out in Section 3.2.2.
Table S3.1: Intercept-only null model summary.
Fixed effects Estimate Std. Error df t-value p-value
Intercept 10.787 0.096 584 112.774 <0.001
Random effects Variance
Among IBRA sub-regions 0.371
Among plantings, within IBRA
sub-regions
0.420
Residual 0.124
Table S3.2: Planting age model summary.
Fixed effects Estimate Std. Error df t-value p-value
Intercept 10.787 0.079 584 135.646 <0.001
ln(planting age) 0.394 0.039 325 10.177 <0.001
Random effects Variance
Among IBRA sub-regions 0.239
Among plantings, within IBRA
sub-regions
0.329
Residual 0.124
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Table S3.3: Age, environment and structure model summary.
Fixed effects Estimate Std. Error df t-value p-value
Intercept 10.754 0.056 581 193.028 <0.001
ln(planting age) 0.385 0.036 321 10.765 <0.001
ln(moisture availability) 0.374 0.054 321 6.965 <0.001
ln(plant density) 0.318 0.031 581 10.393 <0.001
sand content 0.170 0.047 321 3.660 <0.001
mean annual minimum temperature -0.005 0.048 321 -0.108 0.914
ln(age):ln(density) -0.106 0.029 581 -3.606 <0.001
ln(age):ln(min temp) -0.143 0.040 321 -3.555 <0.001
ln(moisture
availability):ln(density)
-0.107 0.034 581 -3.151 0.002
Random effects Variance
Among IBRA sub-regions 0.083
Among plantings, within IBRA
sub-regions
0.254
Residual 0.111
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Table S3.4: Species richness model summary.
Fixed effects Estimate SE df t-value p-value
Intercept 10.756 0.056 580 191.681 <0.001
ln(planting age) 0.386 0.036 321 10.760 <0.001
ln(moisture availability) 0.372 0.054 321 6.914 <0.001
ln(plant density) 0.321 0.031 580 10.431 <0.001
sand content 0.171 0.047 321 3.655 <0.001
mean annual minimum temperature -0.001 0.048 321 -0.028 0.978
rarefied species richness 0.025 0.026 580 0.960 0.338
ln(age):ln(density) -0.107 0.029 580 -3.626 <0.001
ln(age):ln(min temp) -0.146 0.040 321 -3.621 <0.001
ln(moisture
availability):ln(density)
-0.108 0.034 580 -3.165 0.002
Random effects Variance
Among IBRA sub-regions 0.085
Among plantings, within IBRA
sub-regions
0.254
Residual 0.111
Table S3.5: Summary of generalised linear hypothesis test for species richness model.
Environmental grouping Estimate SE t-value p-value
Dry woodlands -0.061 0.080 -0.755 0.992
Wet woodlands 0.054 0.053 1.008 0.951
Coastal forests 0.082 0.097 0.851 0.982
Temperate and wet forests -0.020 0.055 -0.358 1.000
Sub-tropical woodlands 0.063 0.072 0.871 0.979
Mediterranean woodlands -0.034 0.056 -0.615 0.998
Arid woodlands 0.266 0.125 2.137 0.233
Tropical rainforests 0.000 0.111 -0.001 1.000
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Table S3.6: Functional diversity model summary.
Fixed effects Estimate SE df t-value p-value
Intercept 10.756 0.057 579 189.138 <0.001
ln(planting age) 0.394 0.036 321 10.844 <0.001
ln(moisture availability) 0.389 0.055 321 7.097 <0.001
ln(plant density) 0.339 0.030 579 11.162 <0.001
sand content 0.163 0.047 321 3.454 0.001
mean annual minimum temperature 0.017 0.048 321 0.352 0.725
Functional range -0.026 0.022 579 -1.147 0.252
Functional evenness 0.011 0.022 579 0.486 0.627
Functional divergence -0.016 0.024 579 -0.657 0.511
ln(age):ln(density) -0.088 0.029 579 -3.022 0.003
ln(age):ln(min temp) -0.149 0.041 321 -3.647 <0.001
Random effects Variance
Among IBRA sub-regions 0.089
Among plantings, within IBRA
sub-regions
0.254
Residual 0.112
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Table S3.7: Summary of generalised linear hypothesis test for functional diversity model.
Environmental grouping Fixed effect Estimate SE t-value p-value
Dry woodlands Functional divergence -0.096 0.073 -1.311 0.988
Wet woodlands Functional divergence 0.000 0.049 0.006 1.000
Coastal forests Functional divergence -0.107 0.079 -1.365 0.982
Temperate forests Functional divergence -0.054 0.065 -0.828 1.000
Sub-tropical woodlands Functional divergence -0.084 0.080 -1.049 0.999
Mediterranean woodlands Functional divergence 0.096 0.047 2.030 0.609
Arid woodlands Functional divergence 0.190 0.143 1.327 0.987
Tropical rainforests Functional divergence -0.039 0.104 -0.373 1.000
Dry woodlands Functional evenness 0.048 0.075 0.645 1.000
Wet woodlands Functional evenness 0.029 0.045 0.635 1.000
Coastal forests Functional evenness 0.034 0.083 0.410 1.000
Temperate forests Functional evenness 0.038 0.060 0.637 1.000
Sub-tropical woodlands Functional evenness 0.110 0.087 1.264 0.992
Mediterranean woodlands Functional evenness -0.015 0.042 -0.358 1.000
Arid woodlands Functional evenness -0.139 0.111 -1.253 0.993
Tropical rainforests Functional evenness -0.102 0.088 -1.157 0.998
Dry woodlands Functional range -0.136 0.103 -1.321 0.987
Wet woodlands Functional range -0.078 0.049 -1.604 0.914
Coastal forests Functional range -0.031 0.114 -0.272 1.000
Temperate forests Functional range -0.066 0.044 -1.497 0.953
Sub-tropical woodlands Functional range 0.063 0.089 0.705 1.000
Mediterranean woodlands Functional range 0.019 0.036 0.522 1.000
Arid woodlands Functional range -0.051 0.133 -0.383 1.000
Tropical rainforests Functional range -0.005 0.150 -0.036 1.000
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Table S3.8: Trait mean model summary.
Fixed effects Estimate SE df t-value p-value
Intercept 10.746 0.055 577 196.766 <0.001
ln(planting age) 0.384 0.036 321 10.744 <0.001
ln(moisture availability) 0.331 0.062 321 5.357 <0.001
ln(plant density) 0.337 0.032 577 10.686 <0.001
sand content 0.171 0.046 321 3.707 <0.001
mean annual minimum temperature -0.008 0.048 321 -0.171 0.864
mean specific leaf area 0.082 0.033 577 2.470 0.014
mean wood density -0.032 0.029 577 -1.082 0.280
mean seed mass 0.055 0.024 577 2.266 0.024
mean maximum height -0.016 0.032 577 -0.519 0.604
ln(age):ln(density) -0.102 0.029 577 -3.485 0.001
ln(age):ln(min temp) -0.149 0.040 321 -3.711 <0.001
ln(moisture
availability):ln(density)
-0.098 0.034 577 -2.852 0.005
Random effects Variance
Among IBRA sub-regions 0.078
Among plantings, within IBRA
sub-regions
0.252
Residual 0.110
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Table S3.9: Summary of generalised linear hypothesis test for trait means model.
Environmental grouping Fixed effect Estimate SE t-value p-value
Dry woodlands Maximum height 0.064 0.145 0.440 1.000
Wet woodlands Maximum height -0.146 0.079 -1.837 0.868
Coastal forests Maximum height 0.117 0.086 1.367 0.996
Temperate forests Maximum height -0.321 0.123 -2.611 0.242
Sub-tropical woodlands Maximum height 0.208 0.106 1.959 0.783
Mediterranean woodlands Maximum height -0.099 0.073 -1.354 0.996
Arid woodlands Maximum height -0.510 0.238 -2.141 0.625
Tropical rainforests Maximum height -0.018 0.077 -0.238 1.000
Dry woodlands Seed mass -0.007 0.126 -0.053 1.000
Wet woodlands Seed mass 0.134 0.048 2.772 0.158
Coastal forests Seed mass 0.161 0.070 2.293 0.487
Temperate forests Seed mass -0.210 0.104 -2.025 0.729
Sub-tropical woodlands Seed mass -0.078 0.096 -0.813 1.000
Mediterranean woodlands Seed mass 0.057 0.057 1.001 1.000
Arid woodlands Seed mass 0.114 0.100 1.139 1.000
Tropical rainforests Seed mass 0.035 0.073 0.487 1.000
Dry woodlands Specific leaf area 0.022 0.118 0.185 1.000
Wet woodlands Specific leaf area 0.140 0.067 2.079 0.682
Coastal forests Specific leaf area 0.070 0.114 0.618 1.000
Temperate forests Specific leaf area -0.177 0.107 -1.652 0.952
Sub-tropical woodlands Specific leaf area -0.076 0.089 -0.852 1.000
Mediterranean woodlands Specific leaf area -0.057 0.066 -0.855 1.000
Arid woodlands Specific leaf area 0.477 0.157 3.030 0.073
Tropical rainforests Specific leaf area 0.829 0.210 3.946 0.003
Dry woodlands Wood density 0.155 0.094 1.648 0.954
Wet woodlands Wood density -0.289 0.064 -4.536 <0.001
Coastal forests Wood density 0.098 0.084 1.170 1.000
Temperate forests Wood density 0.179 0.102 1.755 0.912
Sub-tropical woodlands Wood density 0.041 0.104 0.396 1.000
Mediterranean woodlands Wood density -0.101 0.055 -1.843 0.864
Arid woodlands Wood density 0.184 0.199 0.926 1.000
Tropical rainforests Wood density 0.135 0.098 1.380 0.995
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Supplementary information: Chapter 4
Table S4.1: Focal species from neighbourhood plots, with functional trait sample sizes and the range ofmoisture
availability (ratio of total annual rainfall to total annual potential evapotranspiration) of forest plantings where
the species was recorded. These values are not representations of the range of conditions the species can occur
in, or that the species naturally occurs within. Trait sample sizes are the number of values for each trait used to
calculate species means.
Trait sample size (n)
Species
Moisture
availability range
Max
height
SLA
Seed
mass
Wood
density
Acacia acinacea 0.276 - 0.638 3 1 4 1
A. acuminata 0.217 - 0.357 2 1 4 4
A. argyrophylla 0.266 - 0.377 1 1 1 2
A. baileyana 0.377 - 0.765 3 1 4 1
A. brachybotrya 0.266 - 0.350 2 2 2 1
A. calamifolia 0.266 - 0.377 2 1 3 1
A. cupularis 0.306 - 0.306 2 1 2 1
A. cyclops 0.336 - 0.391 4 1 6 1
A. dealbata 0.493 - 1.210 4 11 8 9
A. deanei 0.357 - 0.765 2 2 1 1
A. decurrens 0.350 - 0.765 3 1 8 6
A. difformis 0.493 - 0.503 1 1 2 1
A. euthycarpa 0.302 - 0.312 1 1 2 1
A. falciformis 0.695 - 0.695 1 1 4 1
A. floribunda 0.512 - 0.760 2 6 4 1
A. hakeoides 0.266 - 0.512 4 2 5 1
A. implexa 0.493 - 0.765 2 4 4 4
A. ligulata 0.266 - 0.294 3 2 9 1
A. longifolia 0.385 - 0.968 7 4 9 2
A. maidenii 0.760 - 0.760 1 1 3 1
A. mearnsii 0.399 - 0.975 5 2 6 3
A. melanoxylon 0.505 - 1.210 6 20 11 10
A. microbotrya 0.217 - 0.336 1 1 1 1
A. microcarpa 0.278 - 0.360 2 1 1 1
A. montana 0.306 - 0.306 2 1 5 1
A. mucronata 0.573 - 0.986 1 1 1 1
A. notabilis 0.278 - 0.765 2 1 6 1
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Trait sample size (n)
Species
Moisture
availability range
Max
height
SLA
Seed
mass
Wood
density
A. oswaldii 0.221 - 0.276 3 6 2 1
A. oxycedrus 0.618 - 0.618 2 1 4 1
A. paradoxa 0.317 - 0.639 3 2 2 1
A. penninervis 0.659 - 0.659 1 4 3 4
A. pravissima 0.484 - 0.760 1 1 4 1
A. pycnantha 0.276 - 0.888 5 1 8 1
A. retinodes 0.266 - 0.727 2 1 2 1
A. rigens 0.310 - 0.377 3 1 2 1
A. rubida 0.493 - 0.765 2 1 3 1
A. salicina 0.357 - 0.441 3 1 7 3
A. saligna 0.217 - 0.684 4 1 9 1
A. stenophylla 0.357 - 0.357 2 1 4 4
A. trineura 0.276 - 0.302 2 1 2 1
A. verniciflua 0.678 - 0.678 2 1 5 1
A. verticillata 0.291 - 1.210 2 1 1 1
A. wattsiana 0.392 - 0.392 1 1 2 1
Eucalyptus acaciiformis 0.727 - 0.775 1 1 2 1
E. albens 0.426 - 0.534 2 1 4 4
E. albida 0.357 - 0.357 2 1 1 1
E. amplifolia 0.775 - 0.786 1 9 2 1
E. amygdalina 0.578 - 0.839 1 1 3 1
E. arenacea 0.360 - 0.360 1 1 1 1
E. argyphea 0.357 - 0.357 1 1 1 1
E. astringens 0.336 - 0.357 1 1 2 3
E. baxteri 0.312 - 0.761 2 4 3 4
E. blakelyi 0.408 - 0.723 2 1 6 2
E. botryoides 0.509 - 0.509 5 1 3 4
E. brachycalyx 0.350 - 0.350 2 1 1 1
E. bridgesiana 0.493 - 0.724 2 1 10 5
E. calycogona 0.276 - 0.276 3 1 1 1
E. camaldulensis 0.276 - 0.726 9 3 14 16
E. cladocalyx 0.312 - 0.584 2 1 4 2
E. clivicola 0.314 - 0.314 2 1 1 1
E. coccifera 0.582 - 0.582 1 1 4 1
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Trait sample size (n)
Species
Moisture
availability range
Max
height
SLA
Seed
mass
Wood
density
E. conferruminata 0.357 - 0.659 1 1 2 1
E. conica 0.426 - 0.426 1 1 3 1
E. crebra 0.441 - 0.891 2 4 9 7
E. dalrympleana 0.582 - 0.839 1 1 4 3
E. diversifolia 0.360 - 0.430 2 2 2 1
E. dives 0.615 - 0.765 1 2 5 4
E. dumosa 0.251 - 0.302 2 7 4 1
E. falcata 0.312 - 0.336 1 1 4 1
E. fasciculosa 0.302 - 0.516 1 1 3 1
E. gardneri 0.357 - 0.357 1 1 3 1
E. globulus 0.311 - 1.210 4 36 13 16
E. goniocalyx 0.496 - 0.765 2 2 4 4
E. gracilis 0.251 - 0.251 3 3 4 1
E. incrassata 0.221 - 0.422 2 3 5 1
E. kitsoniana 0.659 - 1.210 1 1 2 1
E. kochii 0.275 - 0.357 1 1 2 1
E. largiflorens 0.276 - 0.350 4 3 3 3
E. lehmannii 0.293 - 0.391 1 1 4 1
E. leptophylla 0.251 - 0.385 2 1 1 1
E. leucoxylon 0.266 - 0.577 5 2 2 3
E. longicornis 0.217 - 0.256 1 1 2 2
E. loxophleba 0.275 - 0.336 2 1 8 2
E. macrorhyncha 0.618 - 0.724 3 1 3 3
E. mannifera 0.496 - 0.765 2 1 1 1
E. megacornuta 0.311 - 0.391 1 1 3 1
E. melliodora 0.408 - 0.749 2 4 6 3
E. microcarpa 0.302 - 0.618 2 3 6 4
E. moluccana 0.608 - 0.891 1 1 3 5
E. nitens 0.484 - 0.749 1 4 9 5
E. obliqua 0.615 - 1.210 2 4 6 7
E. occidentalis 0.293 - 0.577 2 1 4 1
E. odorata 0.360 - 0.392 1 1 2 1
E. oleosa 0.276 - 0.350 6 1 4 2
E. ovata 0.496 - 1.210 2 1 5 3
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Trait sample size (n)
Species
Moisture
availability range
Max
height
SLA
Seed
mass
Wood
density
E. pauciflora 0.522 - 0.786 3 3 6 3
E. phaenophylla 0.336 - 0.336 1 1 1 1
E. platypus 0.312 - 0.436 1 1 2 1
E. polyanthemos 0.441 - 0.758 2 1 4 2
E. populnea 0.441 - 0.441 1 4 3 5
E. porosa 0.251 - 0.360 2 1 1 1
E. pulchella 0.573 - 0.839 1 1 3 1
E. radiata 0.745 - 1.210 1 1 3 6
E. regnans 0.887 - 1.210 1 5 7 4
E. rodwayi 0.578 - 0.582 1 1 2 1
E. rossii 0.723 - 0.723 1 1 3 3
E. rubida 0.522 - 0.749 2 1 4 4
E. rudis 0.314 - 0.684 4 1 6 2
E. salubris 0.217 - 0.222 1 1 4 3
E. sargentii 0.217 - 0.357 2 1 3 1
E. siderophloia 0.891 - 0.891 1 1 3 4
E. sideroxylon 0.436 - 0.630 2 3 5 5
E. socialis 0.251 - 0.350 3 13 4 1
E. spathulata 0.293 - 0.336 2 1 2 1
E. stellulata 0.558 - 0.775 1 1 5 1
E. tenuiramis 0.839 - 0.839 1 1 3 1
E. tereticornis 0.558 - 0.891 4 1 7 10
E. tricarpa 0.436 - 0.659 2 1 1 1
E. utilis 0.311 - 0.391 2 1 1 1
E. viminalis 0.360 - 1.210 4 4 11 4
E. viridis 0.505 - 0.505 2 2 2 1
E. wandoo 0.256 - 0.357 3 1 3 3
E. willisii 0.740 - 0.888 1 1 3 1
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Tables S4.2-6 are linear mixed-effects model summaries, testing for differences in the effect of
climate, functional traits and competition on the growth rate of Eucalyptus and Acacia species.
Genus was a two-level factor, with Acacia set as the reference level.
Table S4.2: Intercept model summary.
Fixed effects Estimate SE t-value
Intercept 0.259 0.02 13.275
Random effects Variance
Among species 0.006
Among IBRA sub-regions 0.007
Among plantings, within IBRA
sub-regions
0.009
Among plots, within plantings 0.001
Residual 0.020
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Table S4.3: No genus model summary.
Fixed effects Estimate SE t-value
Intercept 0.228 0.018 12.850
Moisture availability -0.009 0.015 -0.583
Solar radiation -0.021 0.015 -1.426
SLA -0.008 0.010 -0.767
Wood density 0.005 0.008 0.651
Maximum height -0.013 0.007 -2.001
Planting age -0.075 0.006 -11.564
Plant density -0.042 0.004 -11.138
Proportion intraspecific neighbours -0.012 0.002 -6.147
Plot area 0.007 0.007 0.956
Neighborhood richness 0.002 0.005 0.443
Functional evenness 0.001 0.003 0.443
Functional dispersion -0.009 0.004 -2.311
Proportion intraspecific neighbours:Plot area -0.007 0.002 -3.921
Random effects Variance
Among species 0.005
Among IBRA sub-regions 0.007
Among plantings, within IBRA sub-regions 0.002
Among plots, within plantings 0.001
Residual 0.020
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Table S4.4: Genus model summary.
Fixed effects Estimate SE t-value
Intercept 0.129 0.030 4.262
Moisture availability -0.003 0.015 -0.231
Solar radiation -0.035 0.015 -2.276
SLA 0.027 0.013 2.092
Wood density 0.013 0.015 0.851
Maximum height -0.063 0.016 -3.926
Planting age -0.103 0.007 -14.495
Plant density -0.053 0.004 -11.780
Proportion intraspecific neighbours -0.022 0.003 -6.817
Plot area -0.005 0.007 -0.649
Neighborhood richness 0.014 0.006 2.255
Functional evenness 0.009 0.004 2.344
Functional dispersion -0.010 0.005 -2.186
Eucalyptus 0.113 0.031 3.669
Proportion intraspecific neighbours:Plot area -0.015 0.003 -5.492
Moisture availability:Eucalyptus -0.003 0.006 -0.518
Solar radiation:Eucalyptus 0.030 0.006 4.900
SLA:Eucalyptus -0.030 0.028 -1.068
Wood density:Eucalyptus -0.017 0.017 -0.992
Maximum height:Eucalyptus 0.069 0.020 3.414
Planting age:Eucalyptus 0.040 0.005 8.872
Plant density:Eucalyptus 0.020 0.004 5.600
Proportion intraspecific neighbours:Eucalyptus 0.019 0.005 4.272
Plot area:Eucalyptus 0.016 0.004 3.535
Neighborhood richness:Eucalyptus -0.014 0.005 -2.607
Functional evenness:Eucalyptus -0.012 0.004 -3.011
Functional dispersion:Eucalyptus -0.001 0.004 -0.114
Proportion intraspecific neighbours:Plot area 0.014 0.004 3.577
Random effects Variance
Among species 0.004
Among IBRA sub-regions 0.006
Among plantings, within IBRA sub-regions 0.002
Among plots, within plantings 0.001
Residual 0.020
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Table S4.5: No genus moisture model summary.
Fixed effects Estimate SE t-value
Intercept 0.223 0.019 11.852
Moisture availability -0.010 0.015 -0.704
Solar radiation -0.024 0.014 -1.701
SLA 0.000 0.011 -0.034
Wood density -0.012 0.009 -1.442
Maximum height -0.012 0.007 -1.709
Planting age -0.077 0.006 -11.819
Plant density -0.044 0.004 -11.336
Proportion intraspecific neighbours -0.013 0.002 -6.418
Plot area 0.009 0.007 1.268
Neighborhood richness 0.002 0.005 0.350
Functional evenness 0.001 0.003 0.531
Functional dispersion -0.006 0.004 -1.733
Proportion intraspecific neighbours:Plot area -0.006 0.002 -2.969
Solar radiation:Moisture availability 0.006 0.010 0.637
SLA:Moisture availability -0.008 0.003 -3.087
Wood density:Moisture availability -0.045 0.004 -10.123
Maximum height:Moisture availability -0.007 0.003 -2.374
Planting age:Moisture availability -0.002 0.007 -0.260
Plant density:Moisture availability -0.007 0.004 -1.895
Proportion intraspecific neighbours:Moisture availability 0.005 0.002 2.019
Plot area:Moisture availability 0.011 0.008 1.378
Neighborhood richness:Moisture availability 0.000 0.005 -0.089
Functional evenness:Moisture availability 0.002 0.002 1.062
Functional dispersion:Moisture availability -0.001 0.003 -0.242
Proportion intraspecific neighbours:Plot area:Moisture
availability
-0.002 0.002 -0.684
Random effects Variance
Among species 0.006
Among IBRA sub-regions 0.005
Among plantings, within IBRA sub-regions 0.003
Among plots, within plantings 0.001
Residual 0.020
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Table S4.6: Genus moisture model summary.
Fixed effects Estimate SE t-value
Intercept 0.082 0.034 2.439
Moisture availability -0.014 0.020 -0.711
Solar radiation -0.033 0.015 -2.245
SLA 0.037 0.014 2.608
Wood density -0.033 0.018 -1.841
Maximum height -0.082 0.018 -4.639
Planting age -0.111 0.007 -15.577
Plant density -0.051 0.005 -11.295
Proportion intraspecific neighbours -0.021 0.003 -6.366
Plot area -0.002 0.008 -0.329
Neighborhood richness 0.012 0.006 1.960
Functional evenness 0.010 0.004 2.751
Functional dispersion -0.009 0.005 -1.923
Eucalyptus 0.164 0.034 4.823
Proportion intraspecific neighbours:Plot area -0.015 0.003 -5.499
Moisture availability:Eucalyptus 0.033 0.016 2.053
Solar radiation:Eucalyptus 0.033 0.007 4.843
SLA:Eucalyptus -0.031 0.030 -1.011
Wood density:Eucalyptus 0.018 0.020 0.899
Maximum height:Eucalyptus 0.075 0.022 3.374
Planting age:Eucalyptus 0.050 0.005 10.735
Plant density:Eucalyptus 0.013 0.004 3.633
Proportion intraspecific neighbours:Eucalyptus 0.015 0.005 3.176
Plot area:Eucalyptus 0.014 0.005 2.980
Neighborhood richness:Eucalyptus -0.011 0.006 -2.045
Functional evenness:Eucalyptus -0.013 0.004 -3.273
Functional dispersion:Eucalyptus 0.001 0.005 0.289
Solar radiation:Moisture availability 0.031 0.011 2.739
SLA:Moisture availability 0.009 0.005 1.756
Wood density:Moisture availability -0.046 0.010 -4.689
Maximum height:Moisture availability 0.001 0.008 0.060
Planting age:Moisture availability -0.027 0.008 -3.481
Plant density:Moisture availability -0.023 0.005 -4.869
Proportion intraspecific neighbours:Moisture availability 0.018 0.004 4.253
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Fixed effects Estimate SE t-value
Plot area:Moisture availability 0.029 0.008 3.447
Neighborhood richness:Moisture availability 0.008 0.007 1.258
Functional evenness:Moisture availability 0.009 0.003 2.553
Functional dispersion:Moisture availability -0.005 0.005 -1.026
Proportion intraspecific neighbours:Plot area:Eucalyptus 0.017 0.004 4.223
Proportion intraspecific neighbours:Plot area:Moisture
availability
0.014 0.004 3.554
Solar radiation:Moisture availability:Eucalyptus -0.045 0.006 -7.281
SLA:Moisture availability:Eucalyptus 0.014 0.009 1.658
Wood density:Moisture availability:Eucalyptus 0.028 0.011 2.417
Maximum height:Moisture availability:Eucalyptus -0.029 0.011 -2.717
Planting age:Moisture availability:Eucalyptus 0.044 0.005 8.243
Plant density:Moisture availability:Eucalyptus 0.022 0.004 5.290
Proportion intraspecific neighbours:Moisture
availability:Eucalyptus
-0.017 0.006 -3.044
Plot area:Moisture availability:Eucalyptus -0.028 0.006 -5.034
Neighborhood richness:Moisture availability:Eucalyptus -0.010 0.006 -1.603
Functional evenness:Moisture availability:Eucalyptus -0.007 0.004 -2.086
Functional dispersion:Moisture availability:Eucalyptus 0.001 0.005 0.281
Proportion intraspecific neighbours:Plot area:Moisture
availability:Eucalyptus
-0.019 0.005 -3.815
Random effects Variance
Among species 0.005
Among IBRA sub-regions 0.005
Among plantings, within IBRA sub-regions 0.003
Among plots, within plantings 0.001
Residual 0.019
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Table S4.7: Comparison of observed and expected slopes of genus model of Acacia and Eucalyptus growth
rate. Expected distribution was established by modelling data 1,000 times, with growth rates randomly swapped
between focal plants in the same neighborhood plot.
Genus Fixed effect Observed slope
2.5%
expected
CI
97.5%
expected
CI
p-value
Acacia Moisture availability -0.003 -0.010 0.003 0.458
Acacia Solar radiation -0.035 -0.022 -0.009 < 0.001
Acacia SLA 0.027 -0.005 0.005 < 0.001
Acacia Wood density 0.013 -0.003 0.011 0.012
Acacia Maximum height -0.063 -0.008 0.011 < 0.001
Acacia Planting age -0.103 -0.076 -0.065 < 0.001
Acacia Planting density -0.053 -0.047 -0.037 < 0.001
Acacia
Proportion intraspecific
neighbours
-0.022 -0.008 0.005 < 0.001
Acacia Plot area -0.005 0.006 0.016 < 0.001
Acacia Neighborhood richness 0.014 -0.001 0.013 0.011
Acacia Functional evenness 0.009 -0.002 0.008 0.018
Acacia Functional dispersion -0.010 -0.012 -0.002 0.129
Eucalyptus Moisture availability -0.007 -0.007 0.002 0.038
Eucalyptus Solar radiation -0.004 -0.014 -0.005 0.012
Eucalyptus SLA -0.004 -0.008 0.011 0.148
Eucalyptus Wood density -0.004 -0.005 0.004 0.040
Eucalyptus Maximum height 0.006 -0.004 0.005 0.012
Eucalyptus Planting age -0.063 -0.071 -0.065 0.001
Eucalyptus Planting density -0.033 -0.044 -0.038 < 0.001
Eucalyptus
Proportion intraspecific
neighbours
-0.002 -0.005 0.003 0.198
Eucalyptus Plot area 0.011 0.010 0.018 0.077
Eucalyptus Neighborhood richness 0.000 -0.004 0.004 0.423
Eucalyptus Functional evenness -0.003 -0.001 0.004 0.001
Eucalyptus Functional dispersion -0.011 -0.005 0.002 < 0.001
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Table S4.8: Comparison of observed and expected slopes of genus moisture model of Acacia and Eucalyptus
growth rate. Expected distribution was established by modelling data 1,000 times, with growth rates randomly
swapped between focal plants in the same neighborhood plot.
Genus Fixed effect
Condi-
tions
Ob-
served
slope
2.5%
expected
CI
97.5%
expected
CI
p-value
Acacia Solar radiation Dry -0.069 -0.026 0.000 <0.001
Acacia Solar radiation Mesic 0.014 -0.034 0.000 <0.001
Acacia Planting age Dry -0.080 -0.086 -0.068 0.313
Acacia Planting age Mesic -0.153 -0.075 -0.048 <0.001
Acacia Plant density Dry -0.024 -0.042 -0.027 0.003
Acacia Plant density Mesic -0.087 -0.068 -0.043 <0.001
Acacia SLA Dry 0.026 -0.006 0.006 <0.001
Acacia SLA Mesic 0.051 -0.015 0.021 <0.001
Acacia Wood density Dry 0.021 -0.005 0.013 <0.001
Acacia Wood density Mesic -0.104 -0.038 0.029 <0.001
Acacia Maximum height Dry -0.083 -0.018 0.014 <0.001
Acacia Maximum height Mesic -0.081 -0.029 0.028 <0.001
Acacia Neighborhood richness Dry 0.002 0.000 0.020 0.058
Acacia Neighborhood richness Mesic 0.025 -0.022 0.019 0.005
Acacia Functional evenness Dry 0.000 -0.008 0.007 0.459
Acacia Functional evenness Mesic 0.024 -0.003 0.018 0.001
Acacia Functional dispersion Dry -0.003 -0.014 0.000 0.171
Acacia Functional dispersion Mesic -0.017 -0.020 0.009 0.060
Acacia
Proportion intraspecific
neighbours
Dry -0.043 -0.016 0.008 <0.001
Acacia
Proportion intraspecific
neighbours
Mesic 0.006 -0.012 0.014 0.219
Acacia Plot area Dry -0.036 -0.004 0.014 <0.001
Acacia Plot area Mesic 0.006 -0.012 0.014 0.219
Eucalyptus Solar radiation Dry 0.016 -0.014 0.001 <0.001
Eucalyptus Solar radiation Mesic -0.023 -0.022 -0.008 0.011
Eucalyptus Planting age Dry -0.082 -0.080 -0.071 0.005
Eucalyptus Planting age Mesic -0.035 -0.065 -0.046 <0.001
Eucalyptus Plant density Dry -0.036 -0.040 -0.033 0.493
Eucalyptus Plant density Mesic -0.040 -0.056 -0.045 <0.001
Eucalyptus SLA Dry -0.022 -0.018 0.020 0.011
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Genus Fixed effect
Condi-
tions
Ob-
served
slope
2.5%
expected
CI
97.5%
expected
CI
p-value
Eucalyptus SLA Mesic 0.042 -0.013 0.020 <0.001
Eucalyptus Wood density Dry 0.007 -0.004 0.007 0.037
Eucalyptus Wood density Mesic -0.044 -0.017 0.006 <0.001
Eucalyptus Maximum height Dry 0.026 -0.005 0.007 <0.001
Eucalyptus Maximum height Mesic -0.052 -0.014 0.010 <0.001
Eucalyptus Neighborhood richness Dry 0.003 -0.002 0.009 0.498
Eucalyptus Neighborhood richness Mesic -0.002 -0.014 0.007 0.419
Eucalyptus Functional evenness Dry -0.004 -0.006 0.001 0.164
Eucalyptus Functional evenness Mesic -0.001 0.002 0.009 0.001
Eucalyptus Functional dispersion Dry -0.003 -0.008 0.000 0.434
Eucalyptus Functional dispersion Mesic -0.013 -0.003 0.010 <0.001
Eucalyptus
Proportion intraspecific
neighbours
Dry -0.008 -0.006 0.004 0.007
Eucalyptus
Proportion intraspecific
neighbours
Mesic -0.007 -0.008 0.012 0.036
Eucalyptus Plot area Dry 0.010 0.006 0.014 0.389
Eucalyptus Plot area Mesic -0.007 -0.008 0.012 0.036
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Table S4.9: Linear mixed-effects model summary estimating the effect of planting age, moisture availability
and species-level density on total above-ground biomass of Acacia plants.
Fixed effects Estimate SE t-value
Intercept 2.055 0.141 14.524
ln(Planting age) 0.205 0.091 2.245
Moisture availability 0.365 0.127 2.882
Conspecific density -0.589 0.039 -14.923
Heterospecific density -0.059 0.043 -1.368
Random effects Variance
Among IBRA sub-regions 0.341
Among plantings, within IBRA
sub-regions
0.400
Among plots, within plantings 0.147
Residual 2.276
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Supplementary information: Chapter 5
Table S5.1: Count of forest stands across different land zones. Descriptions are made as per (Wilson & Tay-
lor 2012). Land zones were included as random intercepts in all models to account for variation in response
variables due to geology.
Stand category
Land
zone
Description Remnant Planting
Young
regrowth
Old
regrowth
3 Recent Quaternary alluvial systems 0 6 0 5
5
Tertiary-Quaternary loamy and sandy
plains and plateaus
38 16 12 7
7 Cainozoic duricrusts 0 0 4 0
8 Cainozoic igneous rocks 3 2 0 1
9 Fine-grained sedimentary rocks 4 0 0 3
9-10 Undistinguished sedimentary rocks 3 9 5 0
10 Coarse-grained sedimentary rocks 12 0 0 0
11 Metamorphic rocks 11 3 8 7
12 Mesozoic to Proterozoic igneous rocks 13 8 17 4
Table S5.2: Mixed-effect model summary of comparison of plot biomass over time between regrowth and
planted forest categories.
Fixed effects Estimate SE t-value
Intercept 6.060 1.258 4.818
ln(Age) 2.967 0.897 3.306
ln(Age)2 -0.404 0.156 -2.591
Plantings 2.381 7.338 0.325
ln(Age):Plantings -2.105 7.236 -0.291
ln(Age)2:Plantings 0.394 1.767 0.223
Random effects Variance
Between plots within stands 0.320
Residual 0.111
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Table S5.3: Generalised additive mixed-effects model summary estimating probability of occurrence of plant
size-classes in four forest stand categories. Details of model can be found in Section 5.2.3. This model was
used to create Fig. 5.4a-b.
Parametric coefficients Smoothing coefficients
Variable Estimate SE t-value p-value Edf Res df Chi2 p-value
Remnant 0.455 0.153 2.971 0.003 4.702 4.702 87.655 < 0.001
Planting -1.324 0.315 -4.201 < 0.001 3.822 3.822 28.389 < 0.001
Young
regrowth
-0.774 0.253 -3.066 0.002 4.209 4.209 59.573 < 0.001
Old
regrowth
-0.490 0.317 -1.548 0.122 4.068 4.068 33.432 < 0.001
Random
effects
Variance
Land zones 0.000
Stands 0.160
Plots 0.121
Residual 1.000
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Table S5.4: Generalised additive mixed-effects model summary estimating mean density of plant size-classes
in four forest stand categories. Details of model can be found in Section 5.2.3. This model was used to create
Fig. 5.4c-d.
Parametric coefficients Smoothing coefficients
Variable Estimate SE t-value p-value Edf Res df Chi2 p-value
Remnant 4.107 0.148 27.74 < 0.001 4.714 4.714 33.815 < 0.001
Planting -0.438 0.242 -1.810 0.070 4.099 4.099 29.649 < 0.001
Young
regrowth
0.623 0.235 2.647 0.008 3.724 3.724 28.215 < 0.001
Old
regrowth
-0.079 0.269 -0.293 0.770 3.613 3.613 12.873 < 0.001
Random
effects
Variance
Land zones 0.026
Stands 0.430
Plots 0.032
Residual 0.543
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Table S5.5: Functional groupmembership of species in study region. See Section 5.2.3 formethods of functional
grouping.
Functional group
Species Family Seed dispersal
Growth and
structure
Acacia concurrens Mimosaceae 3 7
Acacia disparrima Mimosaceae 3 7
Acacia falcata Mimosaceae 4 7
Acacia fimbriata Mimosaceae 3 7
Acacia glaucocarpa Mimosaceae 3 7
Acacia harpophylla Mimosaceae 7 8
Acacia irrorata Mimosaceae 3 7
Acacia leiocalyx Mimosaceae 4 7
Acacia maidenii Mimosaceae 3 7
Acacia sp. Mimosaceae 7 7
Allocasuarina littoralis Casuarinaceae 1 7
Allocasuarina sp. Casuarinaceae 1 8
Allocasuarina torulosa Casuarinaceae 1 8
Alphitonia excelsa Rhamnaceae 4 1
Alstonia constricta Apocynaceae 1 2
Angophora floribunda Myrtaceae 7 5
Angophora leiocarpa Myrtaceae 7 1
Angophora sp. Myrtaceae 7 5
Angophora subvelutina Myrtaceae 7 5
Araucaria bidwillii Araucaraceae 8 1
Breynia oblongifolia Phyllanthaceae 4 2
Carissa ovata Apocynaceae 5 3
Cassinia laevis Asteraceae 1 3
Castanospermum australe Fabaceae 8 7
Casuarina cristata Casuarinaceae 2 8
Casuarina sp. Casuarinaceae 2 8
Corymbia citriodora Myrtaceae 7 6
Corymbia intermedia Myrtaceae 7 6
Corymbia sp. Myrtaceae 7 5
Corymbia tessellaris Myrtaceae 7 4
Corymbia trachyphloia Myrtaceae 7 5
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Functional group
Species Family Seed dispersal
Growth and
structure
Corymbia watsoniana Myrtaceae 7 5
Dodonaea sp. Sapindaceae 1 3
Dodonaea triangularis Sapindaceae 1 3
Elaeocarpus grandis Elaeocarpaceae 4 1
Eucalyptus acmenoides Myrtaceae 6 6
Eucalyptus argophloia Myrtaceae 6 6
Eucalyptus crebra Myrtaceae 6 6
Eucalyptus dunnii Myrtaceae 6 4
Eucalyptus fibrosa Myrtaceae 6 6
Eucalyptus melanophloia Myrtaceae 6 5
Eucalyptus microcorys Myrtaceae 6 5
Eucalyptus moluccana Myrtaceae 6 6
Eucalyptus pilularis Myrtaceae 7 6
Eucalyptus populnea Myrtaceae 6 6
Eucalyptus propinqua Myrtaceae 6 6
Eucalyptus punctata Myrtaceae 7 6
Eucalyptus saligna Myrtaceae 6 4
Eucalyptus siderophloia Myrtaceae 6 6
Eucalyptus sp. Myrtaceae 6 6
Eucalyptus tereticornis Myrtaceae 6 6
Eupomatia laurina Eupomatiaceae 4 2
Exocarpos latifolius Santalaceae 5 3
Exocarpos sp. Santalaceae 5 3
Flindersia australis Rutaceae 2 4
Flindersia sp. Rutaceae 2 4
Geijera parviflora Rutaceae 4 3
Glochidion ferdinandi Phyllanthaceae 4 1
Grevillea robusta Proteaceae 2 1
Jacksonia scoparia Fabaceae 6 7
Jagera pseudorhus Sapindaceae 4 5
Lantana camara Verbenaceae 4 2
Ligustrum lucidum Oleaceae 4 1
Lophostemon confertus Myrtaceae 6 4
Melia azedarach Meliaceae 5 1
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Functional group
Species Family Seed dispersal
Growth and
structure
Psydrax odorata Rubiaceae 5 3
Trema tomentosa Cannabaceae 4 2
Table S5.6: Summary of generalised-linear hypothesis test comparing seed dispersal functional group richness
in regrowing forest to remnant plots (Fig. 5.5a).
Functional
group
Stand category Estimate SE t-value p-value
1 Planting -0.230 0.373 -0.616 1.000
1 Young regrowth -1.031 0.467 -2.210 0.429
2 Old regrowth -0.568 0.642 -0.885 1.000
2 Planting -0.638 0.549 -1.163 0.996
2 Young regrowth -1.139 0.634 -1.796 0.781
3 Old regrowth 0.445 0.447 0.995 1.000
3 Planting -0.198 0.460 -0.431 1.000
3 Young regrowth 0.269 0.393 0.685 1.000
4 Old regrowth -1.261 0.422 -2.991 0.056
4 Planting -1.543 0.384 -4.019 0.001
4 Young regrowth -0.734 0.287 -2.557 0.196
5 Old regrowth -1.134 0.860 -1.319 0.985
5 Planting -1.590 0.853 -1.864 0.728
5 Young regrowth -1.018 0.643 -1.582 0.912
6 Old regrowth -0.437 0.253 -1.725 0.832
6 Planting -0.395 0.215 -1.836 0.751
6 Young regrowth -0.123 0.203 -0.608 1.000
7 Old regrowth -0.390 0.253 -1.541 0.929
7 Planting 0.007 0.206 0.033 1.000
7 Young regrowth -0.310 0.208 -1.490 0.947
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Table S5.7: Summary of generalised-linear hypothesis test comparing growth and structure functional group
richness in regrowing forest to remnant plots (Fig. 5.5b).
Functional
group
Stand category Estimate SE t-value p-value
1 Old regrowth -1.715 0.616 -2.783 0.115
1 Planting -1.120 0.429 -2.613 0.184
1 Young regrowth -0.613 0.351 -1.747 0.844
2 Planting -0.173 0.697 -0.248 1.000
2 Young regrowth 0.417 0.569 0.732 1.000
3 Old regrowth -0.743 0.538 -1.381 0.982
3 Planting -0.689 0.438 -1.571 0.935
3 Young regrowth -1.020 0.475 -2.148 0.512
4 Old regrowth -0.564 0.484 -1.165 0.998
4 Planting 0.411 0.315 1.307 0.991
4 Young regrowth -0.097 0.344 -0.282 1.000
5 Old regrowth -0.159 0.340 -0.468 1.000
5 Planting -2.330 0.612 -3.809 0.003
5 Young regrowth -0.413 0.299 -1.384 0.982
6 Old regrowth -0.540 0.250 -2.159 0.503
6 Planting -0.007 0.201 -0.034 1.000
6 Young regrowth -0.148 0.199 -0.745 1.000
7 Old regrowth -0.408 0.294 -1.388 0.981
7 Planting -0.659 0.263 -2.509 0.240
7 Young regrowth -0.332 0.239 -1.389 0.981
8 Old regrowth -0.370 0.445 -0.831 1.000
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Table S5.8: Generalised linear hypothesis testing, comparing estimated mean maximum height in plots of four
forest stand categories from a linear mixed-effects model. Random effects structure was as-per main text.
Results are shown visually in Fig. S5.2.
Stand category comparison Estimate SE t-value p-value
Planting vs Remnant 0.299 0.098 3.050 0.012
Young regrowth vs Remnant 0.126 0.099 1.270 0.579
Old regrowth vs Remnant 0.176 0.116 1.525 0.419
Young regrowth vs Planting -0.174 0.108 -1.609 0.371
Old regrowth vs Planting -0.123 0.123 -0.994 0.751
Old regrowth vs Young
regrowth
0.051 0.124 0.410 0.977
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Figure S5.1: Comparison of abiotic variables extracted from spatial layers (Table S1.1) for four forest stand
categories. Rem = uncleared remnant vegetation. Pl = tubestock planting. YngRe = naturally regrowing forest
less than or equal to 20 years old. OldRe = naturally regrowing forest more than 20 years old.
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Figure S5.2: Mean maximum height of plants in four forest stand categories. Differences between stand cate-
gories were established using generalised linear hypothesis testing (see Table S5.8).
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